内面磁気研磨法の加工効率改善に関する研究 by MOHD RIDHA BIN MUHAMAD
  
博士学位論文 
 
Study on improving machining efficiency of internal 
magnetic abrasive finishing process 
内面磁気研磨法の加工効率改善に関する研究 
 
 
 
 
 
 
 
 
平成 27 年 7 月 1 日 
MOHD RIDHA BIN MUHAMAD 
I 
 
TABLE OF CONTENTS 
CHAPTER 1: INTRODUCTION ................................................................................................... 1 
1.1 INTRODUCTION ................................................................................................................... 1 
1.2 HISTORY OF MAGNETIC ABRASIVE FINISHING ........................................................... 6 
1.3 REVIEW OF STUDIES OF MAGNETIC ABRASIVE FINISHING FOR PIPE INTERNAL 
SURFACE .................................................................................................................................... 10 
1.4. PURPOSE OF STUDY AND SCOPE .................................................................................. 13 
1.5 FLOW OF THE STUDY........................................................................................................ 15 
1.6 THE THESIS CONSTRUCTION .......................................................................................... 18 
CHAPTER 2: THE DEVELOPMENT OF THE NEW MAGNETIC ABRASIVE 
FINISHING PROCESS COMBINED WITH ELECTROLYSIS ............................................. 22 
2.1 INTRODUCTION ................................................................................................................. 22 
2.2 MAGNETIC ABRASIVE FINISHING FOR PIPE INTERNAL SURFACE ........................ 22 
2.3 NEW FINISHING MACHINE DEVELOPMENT ................................................................ 26 
  2.3.1 SPECIFICATION REQUIREMENTS ............................................................................ 26 
  2.3.2 DESIGN EXECUTION ................................................................................................... 32 
    2.3.2.1 COMBINATION MACHINING TOOL DESIGN .................................................... 35 
    2.3.2.2 ELECTROLYTE FEED DESIGN ............................................................................. 36 
2.4 CONSIDERATIONS REGARDING ELECTROLYSIS MACHINING ............................... 36 
  2.4.1 TYPE OF ELECTROLYTE SELECTION ...................................................................... 37 
II 
 
  2.4.2 CALCULATION OF NEEDED REMOVAL AMOUNT FOR ELECTROLYSIS .......... 38 
  2.4.3 CALCULATION OF THE NEEDED MACHINING TIME AND PATTERN FOR THE 
REMOVAL OF OXIDATION FILM BY ELECTROLYSIS AND MAF .................................... 39 
2.5 CONCLUSIONS ................................................................................................................... 40 
CHAPTER 3: ALUMINUM PIPE INTERNAL FINISHING BY MAGNETIC ABRASIVE 
FINISHING .................................................................................................................................... 42 
3.1 INTRODUCTION ................................................................................................................. 42 
3.2 PROCESSING PRINCIPLE .................................................................................................. 43 
3.3 EXPERIMENTAL METHOD AND CONDITIONS ............................................................. 44 
3.4 RESULT ................................................................................................................................. 48 
3.5 CONCLUSIONS ................................................................................................................... 52 
CHAPTER 4: DEVELOPMENT OF ELECTROLYSIS PROCESS COMBINED 
MAGNETIC ABRASIVE FINISHING (TWO STAGE METHOD) ......................................... 54 
4.1 INTRODUCTION ................................................................................................................. 54 
4.2 PROCESSING PRINCIPLE .................................................................................................. 55 
4.3 EXPERIMENTAL METHOD AND CONDITIONS ............................................................. 57 
4.4 RESULT ................................................................................................................................. 60 
4.5 CONCLUSIONS ................................................................................................................... 64 
CHAPTER 5: DEVELOPMENT OF ELECTROLYSIS COMBINED MAGNETIC 
ABRASIVE FINISHING (ONE STAGE METHOD) ................................................................. 65 
III 
 
5.1 INTRODUCTION ................................................................................................................. 65 
5.2 PROCESSING PRINCIPLE .................................................................................................. 66 
5.3 EXPERIMENTAL METHOD AND CONDITIONS ............................................................. 68 
5.4 RESULT ................................................................................................................................. 71 
  5.4.1 THE CONVENTIONAL MAF ........................................................................................ 72 
  5.4.2 ONE STAGE FINISHING METHOD ............................................................................. 73 
  5.4.3 INVESTIGATION OF FINISHING SURFACE ELEMENTS ........................................ 78 
5.5 MECHANISM AND FINISHING CHARACTERISTICS ................................................... 79 
5.6 PROCESSING PRINCIPLE .................................................................................................. 83 
5.7 EXPERIMENTAL METHOD AND CONDITIONS ............................................................. 84 
  5.7.1 IRON POWDER AND WHITE ALUMINA ABRASIVE COMBINATION .................. 85 
  5.7.2 EXTERNAL MAGNET-PIPE GAP ................................................................................ 87 
  5.7.3 COMBINATION OF PROCESSING TIME FOR EMAF AND MAF ............................ 87 
  5.7.4 TORQUE MEASUREMENT .......................................................................................... 87 
  5.7.5 SURFACE ROUGHNESS AND MATERIAL REMOVAL PATTERN .......................... 88 
  5.7.6 EMAF MECHANISM INVESTIGATION ..................................................................... 88 
5.8 RESULT ................................................................................................................................. 89 
  5.8.1 IRON POWDER AND ABRASIVE COMBINATION ................................................... 89 
  5.8.2 EXTERNAL POLES-PIPE GAP ..................................................................................... 93 
  5.8.3 COMBINATION OF PROCESSING TIME FOR EMAF AND MAF ............................ 96 
IV 
 
  5.8.4 TORQUE MEASUREMENT .......................................................................................... 97 
  5.8.5 SURFACE ROUGHNESS AND MATERIAL REMOVAL ............................................ 98 
  5.8.6 EMAF MECHANISM ..................................................................................................... 99 
5.9 DISCUSSIONS .................................................................................................................... 102 
  5.9.1 OXIDATION FILM REMOVAL ................................................................................... 102 
  5.9.2 MAGNETIC FORCE ON IRON POWDER ................................................................. 102 
  5.9.3 INITIAL ROUGHNESS ................................................................................................ 103 
  5.9.4 TOOL WRAPPING MATERIAL .................................................................................. 103 
  5.9.5 COMPARISON OF TWO-STEP FINISHING AND ONE-STEP FINISHING ............ 104 
5.10 CONCLUSIONS ............................................................................................................... 106 
CHAPTER 6: CONCLUSIONS SUMMARY ........................................................................... 109 
REFERENCES .............................................................................................................................. 113 
ACKNOWLEDGEMENT ........................................................................................................... 122 
LIST OF PAPERS PRESENTED IN ARTICLES, CONFERENCE AND MEETINGS 
FROM PART OF THIS STUDY ................................................................................................. 123 
 
                                                             CHAPTER 1: INTRODUCTION 
 
1 
 
CHAPTER 1: INTRODUCTION 
 
1.1 INTRODUCTION 
 As the world demand for energy is growing due to world population increase, business 
in critical fields such as oil and gas, pharmaceutical, and nuclear are expanding. Thus, the 
demand for clean pipes or sanitary pipes in the various fields has been surging in the recent 
years. In the energy fields, these pipes are being used in many applications
101~104)
. They 
have to be finished to a high finishing surface, according to the required specifications in 
respective fields. Their applications in heat pumps, gas bombs, tanks are countless. The 
utilization of clean pipes or sanitary pipes in the field of semiconductor, chemicals, 
biotechnology etc. fields is essential since the smooth surface prevents accumulation of 
dirt or oils in fine grooves that exists on rough metal surfaces. In a highly pressured 
container, dirt accumulations could cause corrosion and leading to burst and explosions
105)
. 
In food and beverage factories, sanitary pipes and tanks surface have to be clean enough to 
prevent microbial growth
106)
. In chemical, cosmetic, pharmacy, and semiconductor, the 
increasing demand for these pipes, not only in quantity but also in term of surface quality. 
These pipes are nowadays required to be surface finished up to maximum roughness less 
than 0.01μm107). These facts show that the requirements for improvement of surface 
finishing quality for these pipes are continuously increasing. Thus, research in production 
manufacturing technology for this field is in the demanding trend. 
 The conventional method for clean pipe finishing mostly done by the mechanical 
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method such as buffing or grinding that using finishing machines. However, for pipe 
length more than two meters, internal finishing using these machines has various 
mechanical constraints and finishing process is time-consuming. In 1999, the polishing of 
internal pipe surface using magnetic slurry was proposed for thickness less than 5mm 
108~109)
. This method works by placing a slurry that consist iron powder, white alumina and 
polishing agent in the pipe with the present of the magnetic field from magnetic poles 
positioned outside of the pipe. As the poles and pipe rotate in the opposite direction, the 
relative movement results in finishing mechanism to the internal pipe wall from the 
magnetic force that reacts on the slurry to the pipe. The slurry moves with agitation in the 
pipe, and this movement causes abrasives mixing while the process takes place, replacing 
abrasives that contacted with the surface constantly along the process. This mechanism 
prolonged the slurry life by changing its position constantly during the process. However, 
as the pipe thickness increases, the distance between poles and magnetic slurry also 
increase, results in the magnetic force working on the slurry to drop significantly. 
 In order to resolve this problem, the magnetic machining jig design was proposed for 
finishing of thick pipes (thickness 5~30mm) and has been successful in polishing thick 
pipes internal surface
110~112)
. The magnetic machining jig constructed with magnet and 
yoke is positioned in the pipe so that it creates a closed magnetic circuit that gathers 
magnetic flux into a closed circuit. This construction demonstrated more than ten times 
stronger machining force than without it
113)
. A detailed study regarding the machining jig 
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development and characteristics was performed for flat surface finishing and internal 
finishing in pipes. In this method, magnetic jig moves synchronically with the external 
poles and at the same time polishing internal pipe surface with the magnetically adhered 
slurry at the magnet side of the jig. 
 Aluminum is softer in physical properties, has a lower melting point and difficult to 
polish compared to other metals, such as stainless steels. When exposed to air, it forms a 
natural oxidation films that protect itself from further corrosions. These special 
characteristics made Aluminum requires a specific condition to be polished to high surface 
finish. The research regarding finishing of aluminum pipe using magnetic abrasive 
finishing was proposed, and optimum finishing conditions was explained previously
114)
. 
 On the other hand, electrolysis machining is well known due to its short finishing time 
and high surface finishing capability mainly in metals such as SUS304
115~116)
. Electrolysis 
finishing for aluminum causes pits or holes in most cases
117~119)
. The studies regarding pit 
reduction by vibration methods were reported in several studies
120~121)
. Meanwhile, 
El-Taweed has integrated electrolysis turning process and magnetic abrasive finishing for 
the aluminum rod external surface. However, the surface finishing results were still 
relatively low
122)
. Liu studied the development of processing aluminum using electrolysis 
magnetic abrasive finishing for flat surface revealed the finishing characteristic of the 
process for variety of conditions
123)
. Nevertheless, the study lacking focuses on oxidation 
film or pit formed by electrolysis machining that may have directly affected the surface 
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roughness. 
 In this research, we proposed the magnetic abrasive finishing (MAF) with combined 
electrolysis reaction which is also known as electrolysis magnetic abrasive finishing 
(EMAF) for finishing of internal pipe surface. Electrolysis reaction dissolves the uneven 
surface and creates aluminum oxide film as a residue. Afterward, the MAF plays an 
important role in removing the oxidation film and finishing the surface. MAF quickly 
removes the oxidation film because of the porous aluminum oxide itself built of
124)
. In the 
initial stage of the experiment, the electrolysis reaction and MAF was conducted in two 
separate processes due to contradicting finishing conditions and environment. Gradually, a 
suitable finishing conditions were developed to combine the two different conditions. The 
two processes combined, results in a significant reduction in total processing time 
compared to conventional finishing method. Investigations were conducted to the finishing 
surface for observations of oxidation film residual in the final stage to study the removal of 
the film and its relations with achieved surface roughness. Observation of surface through 
Scanning Electron Microscope (SEM) photographs to investigate surface morphology 
changes and elemental composition measurement using X-ray photoelectron spectroscopy 
(XPS) were conducted. Average surface roughness, Ra was measured using contact-type 
surface roughness (Surftest SV-624-3D, Mitutoyo). 
 In the final stage of the research, mechanism of the finishing was studied. The 
electrolysis process speeds up the resurfacing process by producing porous oxidation films 
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that are soft and contains pit (hole) structures. Therefore, it is easily removed by magnetic 
abrasive finishing in a short time. However, a further magnetic abrasive finishing is 
required in order to finish the surface to a high finishing surface to maximize oxidation 
film removal. The theory of planarization by electrolysis was explained by Kawamura 
125)
. 
The oxidation film mentioned here refers to the film produced by the electrolysis and not 
the natural oxidation film that formed when the metal exposed to air. 
 The study of the mechanism of the finishing process, views from the mechanical 
perspective, to investigate the effects of combinations of iron particles and white alumina 
sizes, pole-pipe gap and finishing time combinations. The right selection of combination of 
abrasives is important for removal of oxidation film, which will define the surface 
finishing characteristics and its mechanism
126)
. On the other hand, adjustment of pole-pipe 
gap translates into the needed machining force for the shortest time oxidation film removal. 
At the same time, it is important to be gentle enough that it should not cause scratches on 
the aluminum surface
127)
. Mechanism of the removal of the porous aluminum film on the 
surface was studied by measuring the machining torque and compared with the 
conventional method. Finally, finishing time combination of electrolysis reaction and MAF 
was studied and compared to study how the forming of oxidation film would affect the 
surface morphology finishing in the final stage. In some studied, analysis tools such as 
ANOVA was used to analyze factors that affect the results
128~131)
. In this research, the 
result was based on experimental approach. 
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1.2 HISTORY OF MAGNETIC ABRASIVE FINISHING 
 Magnetic abrasive finishing was initially developed in the USA as early as in the 
1930’s for the purpose of the machining process. In 1938, the first patent was registered by 
Harry P. Coats. However, it was reported that most research activities were conducted by 
the universities in the USSR and Bulgaria. Since then, the popularity has expanded to 
Germany, Poland and the USA n in 1960’s. Practical usage began in the 1980’s and 1990’s 
after Japanese scientists explored the technology for polishing purposes. The research 
journal about magnetic abrasive finishing process or magnetic abrasive machining process 
was found earliest in the USSR in 1974. However, according to the report the method was 
developed in USSR during the Soviet Union era. The research paper was regarding the 
finishing of cylinder bar external diameter and flat surface finishing. There was also 
research paper regarding deburr for hydraulic pumps gears and edges deburr finishing 
method. It was reported that during the 1980`s many researches regarding magnetic slurry 
and magnetic abrasive finishing machine was conducted in Bulgaria and Soviet. 
Applications regarding MAF for the purpose of edge finishing were mostly conducted in 
Germany. 
 The sources mentioned contained general information about the principle, but almost 
none of it explained the detailed experiment and mechanism. Information about the 
machining mechanism, the pressure of magnetic force, etc. were insufficient to understand 
the method of MAF in term of the concept and theory. 
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 In 1980, Toyo Kenma Kogyo company started to develop the first magnetic abrasive 
finishing machine, based on the journal papers from USSR. This move was a chance that 
Utsunomiya University to get cooperation with the project, and it was lead by Professor 
Shinmura Takeo. In 1983, Professor Shinmura reported the first result of the finishing 
method in Precision Machining Spring Meeting in the Europe, and after that in 1987 after 
six years, the theory was understood statistically and detailed study. The Toyo Kenma 
Kogyo company has developed a commercial polishing machine based on this method. A 
presentation was reported in a conference in Bulgaria regarding the achievement of the 
research. Area of research improvement includes the machining capability, machining 
characteristics, mechanism, accuracy and arising problems from the machining method 
itself. Since then, the research regarding MAF has expanded in Japan and extensively 
conducted at Tokyo University, Japan Industrial University and Shinshu University which 
was focusing on development of magnetic abrasive particles, flat surface and bar material 
external finishing. In Utsunomiya University, the research is focusing on internal pipe 
finishing for big diameter pipes, flat surface finishing, deburr for holes and needles edge, 
pipes with different diameters, pipes with odd shapes or bended pipe for various materials. 
The research and popularity of abrasive finishing have expanded in various universities 
and research centers around the world in countries like China, India, South Korea, Egypt, 
Taiwan, Brazil, Canada, and Iran. 
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Table 1.1 List of companies that are using MAF technology 
No Company details Applications Product 
1 TOYO KENMAZAI KOGYO 
http://www.toyo-kenmazai-kogyo.j
p/ 
JAPAN 
Odd shape surface finishing Centrifugal type barrel 
polishing machine, PVA 
grinding, etc. 
2 SANWA SANGYO 
http://www.sanwa21.co.jp/ 
JAPAN 
Odd shape surfaces finishing EMAF 
3 MARUAI KOGYO 
http://maruai.net/ 
JAPAN 
Odd shape surface finishing Sanitary pipe fittings, 
etc. 
4 GROUP VEDA 
http://veda.com.ua/ 
UKRAINE 
Odd shape surface finishing 
MAF 
Turbine blades, end 
cutting tools, saw, etc. 
5 A CLASS METAL FINISHER 
http://www.aclassmetal.com.au 
AUSTRALIA 
Odd shape surface finishing Metal finishing 
6 MAGNETIC TECH INC 
http://mationline.com/ 
USA 
Flat surface finishing for 
silicon wafers 
Silicon wafers finishing 
7 POLIMAG INC 
http://www.polimag.eu/ 
BELARUS 
Odd shape surface finishing, 
etc. 
Lens finishing worm 
shaft screws 
8 ADVANCED FINISHING 
TECHNOLOGY 
http://advancedfinish.com/ 
USA 
MAF machines MAF machines 
9 GENEVIEV SWISS IND 
http://www.genswiss.com/magnetic.
htm 
USA 
MAF Small parts deburr and 
finishing 
10 YASUI &CO 
http://www.yasui-world.com/ 
JAPAN 
MAF machines MAF machines 
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 Table 1.1 shows the list of companies that are using MAF technology in their product 
related to surface finishing, particularly that related to magnetic abrasive finishing and 
electrolysis machining. The list represents a part of the research that studied the literature 
review process for the current project. By looking at these keywords, detailed research 
paper and related researches that was conducted by these researchers, we understand the 
importance, applications, method, common issues, and problems that are faced by the 
researches in the fields. It is significantly important that the application in the industries be 
studied so that the basic requirements can be met. Based on the preliminary study, it was 
investigated that mainly the application of MAF is being used in the industrial for 
particular purposes as listed below: 
 
1) Polishing of contacting surfaces to improve wear resistance
132)
  
2) Cleaning method before welding in order to meet welding standard 
3) Surface finishing before coating process, which had replaced electrolysis process 
4) Surface cleaning from oxide layers for print circuit board preparation, wire
133)
  
5) Surface finishing of mold and die 
6) Polishing of precise optics including convex and slight concave spheres and aspheres; 
computer controlled, silicon, optical glasses, etc. 
7) Polishing and deburring of worm shafts and screws
134)
  
8) Polishing of spherical external surfaces, decrease surface roughness and increases 
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resistant against wear, corrosion, and mechanical loadings 
10) Cleaning of belts, sheets or tapes, remove burrs and blunting of sharp edges, 
decorative polishing 
11) Polishing of shafts for decreasing of surface roughness 
12) Cleaning of wire from pollution and oxide films 
 
 Therefore, by studying the objectives above, it was identified that MAF purposes can 
be classified into surface finishing, deburr, and sharp edge removal. Surface finishing can 
be classified more details in different cases such as cylindrical, sphere, wire, odd shape 
bend pipe, fan blade, etc. In this research, the finishing surface was conducted for the 
finishing of the internal cylindrical surface. 
 
1.3 REVIEW OF STUDIES OF MAGNETIC ABRASIVE FINISHING FOR PIPE 
INTERNAL SURFACE 
 In the early 80`s, Professor Shinmura studied the details about the theory of MAF and 
proved its theory through various experiments and tests. It was discovered that the magnet 
strength had mainly influenced by the magnetic field strength and its gradient and iron 
powder amount. Professor Shinmura had developed the magnetic force theory from 
calculations and confirmed it with experimental data. The experimental data has revealed 
that surface roughness does not affect by iron size or polishing agent. It was the magnetic 
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force and abrasive size that determined the finishing surface roughness. 
 Another breakthrough achieved in his research was developing the magnetic circuit 
calculation. The calculation of magnetic strength was applied using the electrical circuit 
calculation and experimental value measurement was compared. The method would help 
in designing the machine for required value of machining strength because it depended on 
the magnetic strength. 
 The experiments conducted by Professor Shinmura had explained the MAF finishing 
characteristics and mechanism and theory in details. Among others, the findings including 
proving that the poles with odd shape performed better finishing results, due to un 
uniformedly unconcentrated magnetic field, material removal is linear with finishing time, 
surface roughness shows sudden improvement but after that linear with finishing time. 
Factors such as rpm, magnetic field strength, gap, stroke, polishing agent type, amount of 
abrasive, etc. was studied in very detailed manner. 
 His research also explained in details about polishing force, resistance and polishing 
temperature. High resistance would eventually cause the temperature to rise on the 
finishing surface. Therefore, this phenomena should be avoided, or cooling system could 
be designed to reduce the heat because it could cause burns on the surface. 
 Furthermore, his research also explained that improvement of roundness by designing 
the machine with the best rotation in the perfect circle possible is critical. Then, the 
circularity improvement can be made by a placement of a pair magnet at the other end with 
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high flatness to the first pair of the magnet. 
 Finally, application for industrial such as finishing for a flat surface, rotating magnetic 
field for cylindrical external surface, spindle finishing type, rotating poles for pipe and 
sphere finishing and free form finishing method was proposed. 
 In 1993, Professor Yamaguchi had developed method of the internal polishing process 
of non-ferromagnetic pipes by the application of magnetic fields. She had developed three 
methods for internal pipe finishing; 1) static magnetic for long pipe, 2) rotating magnet for 
long unrotatable pipe and 3) linear travel magnet for small pipe less than 20mm diameter. 
Her researches mainly about developing the machining theory for these finishing type. She 
also had studied for magnetic slurry with strong magnetic properties to increase machining 
effects and the development of small machining machine for space constraint industrial 
applications. The magnetic machining jig was also introduced which constructed by 
ferromagnetic simple body construction using rare earth magnet at the tip to develop a 
closed magnetic circuit for stronger machining force. Another breakthrough in her research 
was the development of FEM for the magnetic field and studying the torque and 
machining pressure by the finishing method. 
 Professor Zou had developed the application of a permanent magnet for external 
magnet and use of neodymium rare earth magnet in the machining jig to create much 
stronger closed magnetic circuit compared to the conventional design. This construction 
yields more machining force. The finishing method using magnetic machining jig finishing 
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characteristics was studied, and strength measurement and comparison was made with and 
without the jig. Her research had focused on the jig design and design with single and two 
magnets and its finishing characteristics. Another breakthrough of her research was the 
investigation of the force that related to the construction of the machining jig such as the 
force between two permanent magnets, pushing force that received by the iron powder and 
its resistance. The factor that contributed to the pushing force by the particle to the 
finishing surface was studied extensively. Furthermore, the finishing of a surface, pipe and 
deburr by using the magnetic machining jig for various material such as stainless steel, 
PVC pipe, glass, and acryl was also studied. Finally, her research was also studied the 
mechanism and machining characteristics of the above method. 
 
1.4. PURPOSE OF STUDY AND SCOPE 
 The applications of MAF in industries and researches conducted in facilities around the 
world has expanded dramatically in the recent years. However, in many of the researches, 
the machining efficiency is still relatively low. This research proposed to combine the 
method of Electrolysis process into the Magnetic Abrasive Finishing (MAF). In other 
words, it is defined as Electrolysis Magnetic abrasive finishing (EMAF) with the primary 
objectives as below: 
 
1) Processing time reduction compared with the conventional machining method.This is 
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due to the fast forming of oxidation layer by electrolysis. 
2) Ability to produce high surface finishing with similar level with the conventional 
method by maintaining the process of magnetic abrasive finishing. 
3) Using the method that is environmentally friendly, safe for the human and free from 
health hazards by the application of Sodium Nitrate as the electrolyte. 
 
The design of the finishing machine involves the preliminary study of the machining 
ability, design stage, prototype manufacturing, test, and experiments. Preliminary studies 
have taken consider of mechanical aspects and chemical aspects. However, a detailed 
mechanism and machining characteristics focused on the mechanical point of view has 
never been found. Specifically, the study has focused on the mechanism of forming of 
oxidation film by electrolysis and the removal of the film by MAF. The two process of 
forming and removal of the oxidation film contributed to the finishing time reduction for 
the process.The research focused on the removal of oxidation film by MAF and how it 
contributed to the finishing time reduction to produce high finishing surface. The method 
limits finishing conditions chemically by prioritizing the environmentally friendly method 
that does not use acid or alkali as electrolyte. The test was done by investigation finishing 
surface, measurement of surface roughness, analysis of surface composition and torque 
measurement. 
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1.5 FLOW OF THE STUDY 
 Figure 1.4 shows the study flowchart that is based on a plan-do-check-action (PDCA) 
method for improvement and development of the research. First, research planning was 
carefully made which includes research objectives, a to-do list, and prioritization. Fully 
understanding regarding the past and current research and its requirement, novelty of 
research idea, the possibility of the outcome, etc. are essential in building a good research 
plan. Therefore, a thorough literature review was conducted in regards of magnetic 
abrasive finishing, electrolysis machining, electrolysis magnetic abrasive finishing and 
other related fields. In term of the doctoral degree project, the scope was clarified in details 
during the research proposal stage. Finally, the planning design of the finishing machine 
apparatus was conducted taking into considerations the design requirements, delivery time, 
costs and other necessary issues. 
 In the next step, the experiment was executed according to the planning stages. In the 
initial stage, the experiment was conducted for soft material aluminum finishing by the 
method of magnetic abrasive finishing. During the study, it was found that the non-woven 
cloth had caused scratches in the aluminum. Therefore, it was substituted with a polyester 
cloth that does not cause scratches to the aluminum surface. Suitable abrasive size was 
studied for aluminum. In the next stage, a two-step process was conducted, where in the 
first stage, the electrolysis reaction forms an oxidation film on the finishing surface. 
Afterward, the MAF was conducted to remove the oxidation film mechanically in the 
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second step. In the third experiment, the two finishing process was conducted 
simultaneously in the one-step process. Finally, the finishing mechanism was studied for 
finishing time combination and combination abrasive size that could satisfy electrolysis 
and MAF due to their different in finishing environment.  
                                                             CHAPTER 1: INTRODUCTION 
 
17 
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1.6 THE THESIS CONSTRUCTION 
 The research finds the highly efficient way to produce high surface finishing of internal 
pipe surface compared to the conventional finishing method of magnetic abrasive finishing. 
The newly proposed method includes the electrolysis process in the magnetic abrasive 
finishing. The study focused on the feasibility of the proposed method by an experiment 
conducted on newly developed finishing machine and tool and finally the study of 
finishing characteristics and mechanism confirmations. 
 In chapter one, literature review explanation including the conventional method of 
magnetic abrasive finishing and the relevancy of currently proposed method. The recent 
research regarding MAF and electrolysis finishing was explained and studied. Industrial 
application of MAF technologies for various purposes such as deburr of holes, internal 
pipe finishing, external finishing, silicon wafers finishing, lens finishing. This study is 
important to know the current trend of MAF technology and market trend. The important 
subject and issues regarding MAF technology research around the world were reviewed. 
Consequently, the purpose of this study and flow of study was explained in more details. 
 In chapter two, the explanation of the new proposal method to reduce finishing time by 
including the electrolysis process for pipe internal surface finishing was introduced and 
elaborated in detail. The research aim to reduce finishing time compared to conventional 
MAF and at the same time to increase finishing surface. During the electrolysis process, 
the rough surface, particularly the protruded structures were dissolved and planarized. The 
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oxidation film on the surface during the process was then removed mechanically by MAF 
with the combination finishing tool. This tool capable of simultaneously performing the 
electrolysis process and MAF. 
 Chapter three explains detailed about the feasibility of the process of combining the 
electrolysis process into the MAF. To prove this theory, a new machining machine with the 
newly designed combination machining tool was developed. Firstly, the conventional 
finishing was conducted for finishing of aluminum pipe internal surface. The knowhow of 
aluminum finishing was studied, and certain finishing condition for aluminum was 
investigated. The result was set as a benchmark for comparison hereon. This chapter was 
written based on the paper entitled “Magnetic abrasive finishing of the internal surface of 
aluminum pipe using magnetic machining jig” that was published in the journal Advanced 
Materials Research in February 2014. 
 In chapter four, the experiment of electrolysis process combined with magnetic 
abrasive finishing was executed. The combination of the electrolysis process and MAF 
was conducted step-by-step. In the first step, electrolysis process was conducted followed 
by MAF in the second step. The two-step process was studied for the finishing conditions 
for electrolysis and MAF of the internal aluminum surface. During the electrolysis process, 
the oxidation film was formed with the pit structures that expand together with it. In the 
second process, the conventional MAF was performed to remove the film. The aluminum 
oxidation film has a ductile characteristic that make it easily to remove by MAF. This 
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effect plays an important factor in reducing the finishing time. The chapter was written 
based on the research paper entitled “Development of a new internal magnetic abrasive 
finishing process combined with electrolysis” that was presented at the Japan Society of 
Precision Engineering Autumn Meeting in September 2014. 
 In chapter 5, the simultaneous finishing conditions of electrolysis process and MAF 
was developed, and the EMAF of the aluminum pipe internal surface was tested. The two 
finishing process compounded and evaluated, and experiments were conducted to 
understand further the finishing characteristics. The observation was focused on the 
removal of oxidation film that could lead to influence the measurement of surface 
roughness. In chapter four, for the separated experiment of electrolysis and MAF, the 
electrolyte was flowed into the pipe internal near the tool. For combined method, the tool 
was wetted with a small amount of electrolyte because the electrolyte flow sweep away the 
abrasive particles. From the previous result, similar finishing time was determined but it 
was changed for the case of combined method. This chapter was written based on the 
research paper entitled “Development of a new internal finishing of tupe by magnetic 
abrasive finishing process combined with electrochemical machining” that was published 
in the International Journal of Mechanical Engineering and Applications in May 2015. 
 Next, to understand more regarding the finishing characteristics and mechanism, 
conditions such as external pole gap, type of abrasive, combination finishing time were 
investigated and its effects to the surface finishing were studied. 
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 In chapter six, the conclusions and improvements were clarified and explained 
accordingly.
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CHAPTER 2: THE DEVELOPMENT OF THE NEW MAGNETIC 
ABRASIVE FINISHING PROCESS COMBINED WITH ELECTROLYSIS 
 
2.1 INTRODUCTION 
 The development of the new finishing method involves two finishing process; the 
electrolysis process and the magnetic abrasive finishing. Therefore, the newly developed 
machine should be equipped with the functions for the two processes. The chapter 
elaborates on the details regarding the machining principle, development stages, knowhow, 
items that need to be paid attention to, and critical issues in designing and producing the 
finishing machine. These elements are required to be carefully considered, in order to 
achieve desirable results. Priority needs to be identified in decision making so that loss in 
term of time, labor and costs could be minimized or reduced. By careful and detailed 
design planning of the finishing machine, the desirable output could be developed at 
minimum cost. The finishing machine development requires putting up together much 
information regarding engineering practices and knowledge. Finally, the theory of the new 
finishing method will be explained in detail. 
 
2.2 MAGNETIC ABRASIVE FINISHING FOR PIPE INTERNAL SURFACE 
 Pipe internal finishing involves various sizes
201~202)
. The main issue of the finishing of 
the internal surface is that it is difficult to access by tools or human hands. Especially, for 
pipes length more than two meters, .the innovation of the design of MAF is that it 
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Fig. 2.1 The diagram of processing principle of MAF for internal pipe surface for the thin 
pipe. 
 
could be applied in various conditions, such as high-efficiency and high-finish surface 
finishing or finishing of gas bomb and to debur of welded internal pipe surfaces. 
 The idea of applying the machining jig in internal pipe surface was first originated by 
Yamaguchi
203)
. Figure 2.1 shows the schematic of processing principle of MAF for the thin 
pipe. Then, Zou had made improvements and studied its mechanism and machining 
characteristics of the internal surface and deburr process
204)
. Figure 2.2 shows the 
schematic of processing principle of MAF for pipe internal surface finishing. On the 
external side, a pair of magnetic poles that connected with a yoke are positioned, which are 
fixed to a pulley so that they are rotatable. The magnetic machining jig that is constructed 
S 
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Fig. 2.2 The diagram of processing principle of MAF for internal pipe surface using 
magnetic machining jig [14]. 
 
from a pair of magnets that connected with a yoke. It is positioned in the pipe in an 
N-S-N-S sequence so that it form a closed-magnetic circuit. When the external poles unit 
is rotated, the strong magnetic force pulls the machining jig so that it will synchronized 
with its rotation. A magnetic slurry that consist of iron powder, WA abrasive and the 
polishing agent are mixed well and magnetized on the magnet side of the tool. As the pipe 
is rotated in the reverse rotation from the poles unit, the relative movement and the push 
force of the magnetic machining jig with magnetic abrasive particles on it that caused the 
pipe to be polished on the internal surface. Furthermore, the pipe is moved with a stroke 
N 
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Fig. 2.3 The theory of processing principle of magnetic abrasive finishing combined with 
electrolysis for internal pipe surface 
 
movement to facilitate the process effectively. 
 Figure 2.3 shows the newly proposed machining theory. Electrolysis speeds up the 
resurfacing process by producing an oxidation film that is porously structured shown in 
Figure 2.3(a). This construction is similar to pore in anodic aluminum oxide
205)
. Therefore, 
it is easily removed by electrolytic magnetic abrasive finishing in a short time. A further 
magnetic abrasive finishing is required to finish the surface to a high finishing surface as 
the final result shown in Figure 2.3(b). Fang had reported that electrolysis in magnetic 
field accelerated the process when the magnetic field applied orthogonally to theelectric 
field. It is jointly activated by Lorentz force and electric force that influenced the anions 
movement result in increased removal rate at the peak points efficiently
206)
. Previous 
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Workpiece (+) 
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Workpiece (+) 
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research research has confirmed this finishing method feasibility and its capability in 
reducing finishing time for internal pipe finishing compared to conventional MAF
207)
. This 
method develops oxidation film on the working surface to reduce roughness in a short time 
and remove the film by MAF. Separately, Kawamura explained the theory of planarization 
by electrolysis, and an equation was developed. Kawamura mentioned that the diffusion 
layer thickness has an influence on the planarization speed, and he had developed an 
equation for this findings
208)
. In the meanwhile, Lee had studied the polishing mechanism 
from chemical point of view such as review of the I-V curves, electrolyte concentration, 
voltage and current density and their influences to the surface roughness and removal 
weight. 
 
2.3 NEW FINISHING MACHINE DEVELOPMENT 
 The new finishing machine development for electrolysis process combined magnetic 
abrasive finishing for pipe internal surface finishing involves the fusion of electrolysis in 
the MAF as shown in Figure 2.4 chart. Therefore, the new machine has two function; the 
capability of electrolysis and magnetic abrasive finishing. The chapter will explain in 
details the theory and concept of the newly proposed method. 
 
2.3.1 SPECIFICATION REQUIREMENTS 
 The concept of design should be based on some standards or requirements so that the 
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outcome or product will meet the desired target. Before the design is being executed, a 
detailed market study need to be conducted so that we could understand what are the 
details that the targeted customer wants. The market study is then being analyzed so that 
the management team could identify detail specifications of a certain product that are 
needed by the market. In this research case, the market study can be considered as a 
literature review, where one should fully understand the issues that are being brought up 
recently, the method of analysis, or problems that demanded immediate solutions. By 
analyzing these needs, a list of specification requirement was decided so that the design of 
the finishing machine for the required purpose could be met. Table 1 shows the 
specification requirement details. Some of the important elements for the designing of the 
finishing machine are explained below: 
 
1) The combination machining tool 
 The combination machining tool is capable of performing two machining process 
simultaneously. Therefore, it must consist of the elements that needed for the finishing 
processes. It should be built base on the existing MAF machining jig that have two 
permanent magnets connected with a yoke. For the purpose of electrolysis, a cathode 
electrode structure is needed for the tool. The material of cathode will be discussed in the 
next chapter. The tool should have a structure for the purpose of conduction of electrical 
current on it while it should be free to rotate with less resistance. The size of the tool is 
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Fig. 2.4 Finishing machine design and development chart 
    
Design & 
Development 
 3D 
SolidWor
ks 
 JIS 
 Engineeri
ng 
Manufacturing 
 Existing 
parts 
 Purchase 
parts 
 New 
machinin
g parts 
 Self-machi
ning 
 Order to 
machine 
shop 
 Assembly 
Design review 
 Assembly 
check 
 Part check 
Inspection 
 Parts 
 Assembly 
 Evaluation 
 Specificati
on 
confirmati
on 
Improvement 
 Modificati
on 
 New 
design 
Improvement 
 Re-machin
ing 
 Modificati
Improvement 
 Modificati
on 
 New 
General 
Mechanical 
Linear axis 
 Movemen
t stroke 
 Limitation
s 
 Linear 
guide 
 Fixture 
Rotational axis 
 revolution 
 Limitation
s 
 Bearing 
 Spindle 
Power supply 
unit 
 DC supply 
 Electric 
brush 
 Wiring 
Combination 
Machining Tool 
 Cathode 
 Permanen
t magnet 
 Yoke 
Machining unit 
 External 
poles 
 Bearing 
 Motor 
F
IN
IS
H
IN
G
 M
A
C
H
IN
E
 D
E
S
IG
N
 A
N
D
 D
E
V
E
L
O
P
M
E
N
T
 
 Design Stage 
 Manufacturing stage 
 Prototype Assembly and Evaluation stage 
Plan Do Check Action 
Sources 
 Past researches 
 CHAPTER 2: THE DEVELOPMENT OF THE NEW MAGNETIC ABRASIVE FINISHING PROCESS 
COMBINED WITH ELECTROLYSIS 
29 
 
Table 2.1 The specification requirements detail 
 
determined by the pipe diameter that will also limit the magnet dimensions. This 
eventually will limit the magnetic force strength. However, by adjusting external magnet 
size and gap, which is not limited by space, one could increase the magnetic force for 
finishing process. For aluminum material, stronger magnetic force is not necessary due to 
the material soft characteristics. 
Specifications Details 
Combination machining tool Electrolysis and MAF capabilities 
 Three axes movement Workpiece, external poles, and stroke 
Workpiece support Rotating workpiece and stroke movement 
Electrolyte supply system Flow, collection and circulation 
Current supply system Direct current supply 0.5 A 
Workpiece dimension ϕ40xϕ36x150 mm 
Utilization of available material Use of the available material 
Electrolyte Environmentally friendly 
Current supply to the electrodes Conductivity on rotating structure 
External poles Comply with magnet size 10x10x10 mm 
Chuck Rotatable, for workpiece dia. ϕ40 mm 
Rotation Maximum 500 rpm 
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2) The three axes movement/ speed 
 The MAF mechanism for pipe finishing requires the rotation of the external magnet, 
another reverse direction rotation, and stroke movement at pipe length direction. The three 
axes movement by a motor with the adjustable speed controller is needed. The axes 
movement and its accuracy need to be paid attention. The limitation of rotational axis 
depends on how strong the machining resistance force works on the tool and finishing 
surface. If the resistance force is stronger than the pull force by the magnetic force, 
machining tool synchronizes movement with the external magnetic unit will be interrupted. 
Thus, the machining could not take place. 
 Another important aspect of the axis design is that it must be in the same center point a 
shown in Figure 2.5. This accuracy is to ensure that the magnetic force by the external 
 
Fig. 2.5 The external pole axis center and workpiece clamping center 
External magnetic 
pole 
Chuck jaw 
Centre 
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poles will be equal towards the tool in along the circumference. 
 
3) The support of workpiece 
 The workpiece is rotated by a chuck that hold the workpiece at one end. On the other 
end, it needs to be supported so that it could be rotated in a stable position. A supporter 
need to be designed so that it could support the rotating workpiece with stroke movement. 
The design need to consider a wire for the purpose of electrolysis to be connected to the 
workpiece (cathode) from the supporter end. Since it needed to support and rotate at the 
same time, the design can consider applying the similar design of a lathe tailstock 
construction. 
 
4) The electrolyte circulation system 
 The electrolyte of aqueous type is needed for electrolysis. The electrolyte needs to be 
supplied to the cathode electrode at the combination machining tool. After that, it should 
flow out of the finishing are and collected by a pan.to a tank. The pump will suck it and 
circulate in the system continuously during the finishing process. Appropriate hose size 
and a flowmeter are needed to measure the flow rate. In order to keep the electrolyte 
solution in a well-mixed conditions, a stirring fan needs to be fixed to the electrolyte tank. 
 
5) The current wiring system 
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 One of the most important tasks is to allow for current flow to the two electrodes so 
that electrolysis could occur. However, the mechanism of the finishing machine constantly 
involving turning the pipe for finishing process. Electric current has to reach cathode 
electrode on the combination machining tool, and to the anode electrode that is the pipe 
itself. The wire connection to the moving parts needs to be good enough that it should not 
affect the resistance value. One of the methods to transfer electric current is using a flat 
spring on the rotating workpiece. However, this would cause scratch mark that will affect 
the material removal amount calculation. Therefore, a softer material such as carbon can 
be considered to be used. 
 
2.3.2 DESIGN EXECUTION 
 After the identification of the specification requirements, the design planning will start 
based on the Japan Industrial Standard (JIS). The standard rules cover design 
standardization such as in term of hole sizes and positions, threadings, bearing fitting 
details, sheet metal bending degree, surface finishing needed, etc. 
209~210)
. 
 The design of a system sometimes is decided by the standardization based on Japanese 
Industrial Standard (JIS). However, other items that are not restricted by JIS, should folow 
be based on the knowhow in engineering designs.  
 Some elements in the design such as cost, safety, ergonomic, maintenance and 
assembly are important. Costs have always been a concerning topic in any organization. 
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By reducing cost from unnecessary material thickness, number of bolts used or mistakes 
that can be avoided by a thorough pre-study is essentials. Cost does not only cover 
material bought or amount of money spent, but also assembly time and man-hour needed 
to perform the task.The design process is conducted in a sequence, starting the planning 
stage, checking at the planning stage and modify as necessary. After the planning stage, 
the design will be detailed when the part drawing is drawn. Then, finally the part 
two-dimensional drawing is made, and the assembly is constructed based on the assembled 
parts. 
 Figure 2.6 shows the assembly of the parts in 3D model with details of the parts related. 
The construction consists of electric motor, pulley system and belts, pumps, DC power, 
finishing unit and work support unit. Explanation regarding the finishing mechanism will 
be in the next chapter. 
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Fig. 2.6 The total view of finishing machine in 3D model layout 
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2.3.2.1 COMBINATION MACHINING TOOL DESIGN 
 The combination machining tool carries the function of electrolysis and MAF. 
Therefore, it should contain the MAF elements such as magnet and yoke and electrolysis 
elements such as cathode for the electrolysis process. Figure 2.7 shows some of the design 
proposals during the development of combination machining tools. The difficult part is to 
allow the tool to rotates while providing continuous electrical current to the tool for 
electrolysis. Furthermore, based on the pre-liminary test, it has showed that the tool weight 
must not be more than 60 g, or it will not synchronize rotation with external poles due to 
the high resistance force. 
 The parts such as magnets, yoke, cathode, etc. has to be inserted in a diameter 36 mm 
pipe internal space which is a critical limitation in the design. Therefore, the decision to 
place the cathode beside magnet at pipe length direction was made. 
 One of the complex design of the tool was that it was needed to be rotated freely 
depend on the magnetic force by the external magnetic unit. At the same time, the 
electrical current need to be supplied to the tool. The electrical brush should be fit in the 
constraint space in the pipe internal diameter range. The magnet, yoke, a and cathode are 
connected using epoxy putty. The epoxy putty was polished with sand paper to ensure the 
smooth surface finishing of the surface that would reduce rotational resistance inside the 
pipe. 
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Fig. 2.7 Three-dimensional model of combination machining tool design proposal 
 
2.3.2.2 ELECTROLYTE FEED DESIGN 
 The electrolyte is designed to be circulated in the system while the MAF takes place so 
that the electrolysis could be performed on the surface at the cathode and anode near the 
tool. The sodium nitrate is dissolved in pure water to form the electrolyte solution in the 
main tank. It was then pumped through a nozzle to the cathode at the tool. Before that, a 
flowmeter is set on the hose to measure its flow rate. The workpiece was cut a slit at the 
edge to allow for electrolyte exit and collected by a pan. The pan let the electrolyte flows 
back to the main tank. The main tank equipped with a stirring motor to keep the electrolyte 
mixed well. 
 
2.4 CONSIDERATIONS REGARDING ELECTROLYSIS MACHINING 
 In conducting the electrolysis machining process, some item in regards to electrolysis 
needs to be checked and confirmed such as electrolyte type selection, pre-liminary study 
regarding the calculation of finishing time, etc. By studying these factors, we could predict 
certain conditions for electrolysis such as finishing time, electrolyte concentration, etc. The 
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selection of electrolyte take into consider environmentally friendly elements that do not 
cause toxic to earth and the human body and not too acidic or alkalic. 
 
2.4.1 TYPE OF ELECTROLYTE SELECTION 
 The selection of electrolyte depend on the cathode (workpiece) material because it 
needs to be dissolved during the electrolysis. This eventually determines what material to 
be used for the anode (on the combination machining tool). The pipe material that is used 
is aluminum A6063. The H
+
 and OH
- 
ions breakdwon from water, H2O. This is based on 
the Arrhenius Theory. Therefore, for the case of electrolyte NaNO3 aqueous, the ion exist 
at cathode and anode as shown below
211)
: 
 
Cathode (Copper, Cu): H
+
, Na
+
 
Anode (Aluminum, Al): OH
-
, NO3
- 
 
There are some factors that involved in selections of ions to receive or release electrons in 
the chemical reactions, such as: 
 
a) Positions of the ions in electrolysis series 
At the cathode, hydrogen ion has a lower position than sodium. Therefore, it will receive 
electron to become hydrogen gas. At the anode, hydroxide ion has a lower position than 
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nitrate ion. Therefore, it will release the electron and oxygen gas. 
 
Ag
+
, Cu
2+
, H
+
, Pb
2+
, Fe
2+
, Zn
2+
, Al
3+
, Mg
2+
, Na
+
, K
+
 
Easy to receive electron > 
 
SO4
2-
, NO3
-
, OH
-
, Cl
-
 
Easy to release electron > 
 
b) Concentration of the ions in solutions; and 
For example in a concentrated Sodium Chloride aqueous, the ions Cl
-
 and OH
-
 are present 
at the anode. Although ion OH
-
 is lower than CL
-
 in the electrolysis series, the higher 
concentration will be selected to release electron to form chlorine gas, Cl2. 
 
c) Electrode material used 
The Same material with the electrode will be selected to release electrons and discharged. 
The electrolysis series is shown below for cations and anions
211)
. 
 
 
2.4.2 CALCULATION OF NEEDED REMOVAL AMOUNT FOR ELECTROLYSIS 
 The aluminum pipe is made by the method of extrusion that leave extrusion hairline 
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marks on the internal and external surface. For the workpiece used in the experiment, the 
initial surface roughness value varies from 0.2 to 0.7 μm. The removal amount depth 
should be more than the initial roughness in order to produce a high finishing surface
212)
. 
For example in the case of workpiece dimension ϕ40xϕ36x150 mm, it needs 13 mg to 43 
mg of removal amount to remove the uneven surface. This amount is predicted value that 
could change depend on the initial roughness, etc. 
 
2.4.3 CALCULATION OF THE NEEDED MACHINING TIME AND PATTERN FOR 
THE REMOVAL OF OXIDATION FILM BY ELECTROLYSIS AND MAF 
 Based on the calculation above, the initial roughness varies around 0.2 to 0.7 μm depth. 
The removal amount for this range of depth is around 13 to 43 mg. For MAF process alone 
this amount would take 40 minutes of finishing time
213)
. 
 The material removal rate for electrolysis largely depends on the gap between 
electrodes. In the experiment, since the electrodes position is fixed, theoretically the gap 
will expanding, as the material at the anode surface dissolves and removed. This 
phenomenon will resulting in the higher resistance and smaller current and thus reduced 
the material removal rate. Electrolysis process removal amount and the material removal 
rate can be calculated by the following equations
214)
. 
 
                                                                     (
𝐴
𝑍
)
𝑎
=
100
∑ 𝑋𝑖(
𝑍𝑖
𝐴𝑖
)𝑛𝑖=1
                                                       (2.1) 
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where A: atomic weight (g); Z: valence of element; X: proportion of element by weight 
 
                                                                      (𝑀𝑅𝑅𝑔) =
𝜂𝐼𝐸
𝐹
                                                           (2.2) 
 
where MRRg: material removal weight in grams per unit time; 𝜂: current efficiency; I: 
current (A); E: electrolysis equivalent (g); F: Faraday constant i.e. 965000A.s 
 
2.5 CONCLUSIONS 
 The development of the finishing machine involves careful attention to the two 
elements; electrolysis and MAF elements that need to be installed in a constrained space. 
The difficulty lies in the fusion of two different environment processes where in MAF, 
which requires slurry enronment and electrolysis which reaction occurs in aqueous 
electrolyte. Conclusions are as below: 
 
(1) The mechanical theory of the newly proposed finishing process that utilized the 
electrolysis effect was elaborated in details. 
 
(2) The development process approaches from a mechanical design, taking into 
considerations of the design aspects such as ergonomic design, material re-usability, cost 
and delivery time. Following to Japanese Industrial Standard (JIS) is the most important 
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aspects of design standardization.  
 
(3) The development method had based on Total Quality Management (TQM) system, 
which promotes Plan-Do-Check-Action (PDCA) thinking tool, had been useful to reduce 
design fault and lost in time and costs.  
 
(4) The development was based on the proposal to design a finishing machine that capable 
of the two finishing process simultaneously. This is important and was enabled by the most 
important part of the machine; the combination finishing tool. By careful analyze and 
study the specification requirement, the machine was design in an effective way according 
to the needed specification.
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CHAPTER 3: ALUMINUM PIPE INTERNAL FINISHING BY 
MAGNETIC ABRASIVE FINISHING 
 
3.1 INTRODUCTION 
 In the recent years, the internal surface of tanks and pipes that related to industries that 
are needed to be super clean environment are importantly free from any foreign particles. 
It requires these surfaces to be polished to mirror surface finish. Magnetic abrasive 
machining of stainless steel pipes SUS304 has been known very well in finishing to mirror 
finish standard. The finishing of pipe internal surface technology mostly for materials that 
have high hardness value such as stainless steels are mainly developed.  However, its 
applications in softer metal such as aluminum A6063 were difficult due to soft metal 
characteristic itself. This research finds the optimum finishing condition for mirror finish 
standard internal finishing for aluminum A6063 pipe. The aluminum A6063 has a hardness 
of 83 Hv compared to SUS304 that has 200 Hv . 
 In 2002, Zou and Shinmura had developed a new method of magnetic field assisted 
machining process using a magnetic machining jig for SUS304 pipe. The development has 
since then expanded in many researches. This research finds the optimum finishing 
condition for mirror finish standard on the internal surface of the aluminum A6063 pipe. 
We use a 100% polyester fabric that does not cause scratches on the material and found 
that the optimum pole-pipe gap to be 13mm to achieve the best surface roughness of 0.020 
μm Ra after finishing. The initial surface roughness was 0.195 μm Ra before finishing. 
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Finishing conditions such as pole-pipe gap that contributes directly to the machining force 
are important so that it does not have too much machining force that may cause deep 
scratches. 
 
3.2 PROCESSING PRINCIPLE 
 Figure 3.1 shows the machining principle of internal pipe in the 3D model. The 
workpiece is fixed to a chuck where two permanents magnet is rotating at the external, 
which connected to each other with a magnetic yoke. The construction of machining 
apparatus consists in a total of four magnets, which located in a pair at both external and 
internal of the workpiece. Method using a magnetic machining jig requires strong 
magnetic force to enable the jig to move synchronously with the external magnets when it 
is rotated. A linear vibration movement is applied to the pipe length direction to promote 
even mixing of the abrasive particles during the process. The movement of the magnetic 
machining jig, rubbing internal pipe resulting a finishing effects to the surface. For a 
smaller diameter workpiece, the magnetic abrasive method is recommended due to space 
constraint for the magnetic machining jig. 
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Fig. 3.1 The machining principle of internal pipe finishing shown in 3D model 
3.3 EXPERIMENTAL METHOD AND CONDITIONS 
 
    
       (a) Machining apparatus total view                  (b) X-view 
Fig. 3.2 Total view of the machining apparatus and enlarged view of machining area 
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 Figure 3.2 is showing (a) the machining apparatus total view and (b) X-view enlarged 
in the machining area. Magnetic machining jig is placed neatly in the pipe while it is 
positioned between the internal and external magnets and rotation is applied to the 
workpiece. Another rotation is applied to the external yoke in the opposite direction of the 
workpiece rotation. The advantage of this method is that the internal surface is polished 
evenly at all angle, eliminates any unbalance of the structure itself, if any. Using the crank 
movement by a motor, a vibration movement along workpiece length is aimed to let the 
brush mixture moves, mixed and blends well while machining. The position of internal 
and external magnet pair is in such so that it forms a closed magnetic circuit as shown in 
Figure 3. 2(b). 
 The workpiece is then being machined with two stages finishing pattern. The roughing 
stage has an interval every 5 minutes with machining condition showed in Table 3.1. After 
5 minutes of machining, during the interval, the workpiece is washed using an ultrasonic 
washer with ethanol. It is then blows dried and measured its weight using scale (EB-330H, 
Shimadzu) to investigate its removal weight. Then, surface roughness measurement using 
Contact-type Surface Roughness, Surftest. It is done at 2 points at the internal surface at 
180 degrees to each point on the internal surface, at a distance of 61.5mm from the edge 
where the center of finishing area is located. Surface average roughness, Ra is measured 
using Surftest, along workpiece radial direction. A Non-contact Profilometer (NT-3300, 
Mitutoyo) is used to analyze the surface condition in 3D view. 
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 The finishing stage machining is shown in Table 3.1, was conducted for 40 minutes 
with 10 minutes interval.The soft aluminum surface is easy to scratch compared to 
stainless steel. Therefore, we changed it to 100% polyester fabric, which is softer on the 
material. A rubbing test using the two types of fabric was carried out, and it proves that the 
100% Polyester fabric do not cause scratches on aluminum. Apart from surface evaluation 
method, the surface was also observed through a microscope to observe surface condition 
for comparison of the surface morphology. 
The machining jig is constructed with two permanent magnets, fixed at 90 degrees to 
each other with epoxy putty covered around it and a yoke that connecting the magnets. 
Figure 3.3 (a) shows the 3D model of and the magnetic machining jig and Figure 3.3 (b) 
shows magnetic particles arranged on the jig photo. The magnetic brush is a mixture 
consists of iron particle, abrasive white alumina (WA) and water-based polishing agent 
mixed with designated portion. This mixture is then arranged manually on the magnet pole 
at the magnetic machining jig and placed in the pipe workpiece. 
 
  
  (a) 3D model of magnetic machining jig  (b) Magnetic particles arranged on jig 
Fig. 3.3 Magnetic machining jig construction and magnetic particles on jig 
Tool body 
Magnetic 
brush 
Polyester 
cloth 
Magnet 
Yoke 
Epoxy 
putty 
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Table 3.1 Experimental conditions for roughing and finishing machining 
Workpiece Aluminum pipe (Ø40xØ36x150mm) 
Magnetic machining jig Ne-Fe-B rare earth permanent 10x10x10mm 
 
Magnetic abrasive mixture Roughing: 
Iron particle 3.0g (mean diameter 149μm),  
WA#10000 0.5g (diameter 0.5~0.7μm) 
Finishing: 
Iron particle 3.0g (mean diameter 149μm),  
Diamond particle 0.2g (diameter 0-0.05μm) 
Finishing time 15minutes 
Pole and pipe gap 13mm 
Workpiece rotation speed 150rpm 
Poles rotation speed 50rpm 
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3.4 RESULT 
 
(a) Before finishing 
  
(b) After finishing 
Fig. 3.4 Measurement of finishing surface using non-contact profilometer. 
480 μm 
736 μm 
0.031 μm Ra 
480 μm 
736 μm 
0.06 μm Ra 
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(a) Before finishing 
 
(b) After finishing (5 min) 
 
(c)After finishing (10 min) 
0.195 μm Ra 
0.5mm 
0.187 μm Ra 
0.5mm 
0.051 μm Ra 
0.5mm 
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(d)After finishing (55 min) 
Fig. 3.5 Machining surface morphology before and after finishing with different 
machining time observed under a microscope. 
 
 The magnetic abrasive finishing for internal pipe involves certain factors such as 
magnet gap, type of internal and external magnet, revolution per minute, abrasive type and 
so on. The Vickers hardness for SUS304 is 200 Hv while A6063 is 83 Hv. In this 
experiment, external magnet and pipe gap of 13 mm was identified as parameter needed in 
for mirror finished surface finishing.  
 The initial surface of the workpiece has a hairline surface at pipe length direction. 
Figure 3.4 shows the measurement result using non-contact profilometer (a) before 
finishing and (b) after finishing. Hairline could be observed clearly in Figure 3.4 (a). After 
finishing, there are hardly any hairlines could be seen. These surfaces then measured using 
Surface Roughness Surftest valued at 0.195 μm Ra before finishing and 0.020 μm Ra after 
0.020 μm Ra 
0.5mm 
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finishing. Figure. 3.5 (a) to (d) shows workpiece surfaces during the finishing process 
observed under a microscope. The initial surface with existing hairline could be observed 
in Figure 3.5 (a). In Figure. 3.5 (b), after machining had proceeded for 5 minutes, 
machining lines could be observed at perpendicular to the initial hairlines, showing that it 
is being eliminated gradually. In Figure 3.5 (c), it is observed that initial hairlines are 
completely diminished. However, new radial direction hairlines are formed as a result 
from abrasive particles used in the rough machining process. In the final stage of finishing 
which is shown in Figure 3.5 (d), no deep hairline was visible in both directions. Although, 
very fine hairlines still exist in the radial direction. 
 In Figure 3.6, the graph shows the change in surface roughness and material removal 
amount against the finishing time. In the initial 5 minutes finishing time, the removal rate 
was at a lower pace. At this stage, the abrasive particles are works by removing the initial 
surface creek. Therefore, the removal amount was small in the initial stage. After the creek 
of the surface part has been removed, it continues to remove the intermediate part of the 
surface, which has more volume than the creek. This resulted in an increase in removal 
amount in the second stage of finishing and a huge drop in roughness value because the 
surface was largely refined. In the final stage of the finishing, the use of diamond abrasive 
removes the small creek on the finishing surface eventually creates a fine surface. 
Hairlines from the roughing process are reduced and becomes less visible. In the 
continuous finishing process conducted up to 40 minutes, no change in surface roughness 
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could be observed after 10 minutes of finishing process. 
 
Fig. 3.6 The change of surface roughness and material removal weight against the 
finishing time 
 
3.5 CONCLUSIONS 
 The experimental has been successfully conducted using the newly developed finishing 
machine. A new machining jig that caters to pipe size internal diameter 36 mm was 
designed and developed for this experiment. Conclusions are summarized as below: 
 
(1) A new finishing machine and special tool was developed and designed to realize the 
newly proposed method  
 
(2) In the previous research, a non-woven cloth #3000 was used to wrapped the machining 
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jig for internal pipe finishing. The cloth holds the magnetic brush in its place so that it 
stays uniform during the rotation. However, since this non-woven cloth causes deep 
scratches for aluminum, we had replaced it with a polyester cloth and scratches was 
reduced greatly. 
 
(3) In the experimental study, the magnetic abrasive finishing using magnetic machining 
jig method was proven has the capability to polish softer material aluminum A6063 pipe to 
mirror finish standard. The material was polished from initial average surface roughness, 
0.195 μm Ra to finishing level of 0.020 μm Ra that took total finishing time of 25 minutes 
to achieve.  
 
(4) The finishing method consist of two finishing stage. In the first stage, abrasive #10000 
was used for the roughing machining. In the second stage, diamond particle diameter 0.5 
μm was used.
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CHAPTER 4: DEVELOPMENT OF ELECTROLYSIS PROCESS 
COMBINED MAGNETIC ABRASIVE FINISHING (TWO STAGE 
METHOD) 
 
4.1 INTRODUCTION 
 The new internal magnetic abrasive finishing process combined with electrolysis is 
proposed in this research. In other words, the electrolysis process dissolves the internal 
pipe surface, creating aluminum oxide film during the process, which is finally removed 
using magnetic abrasive finishing method. A new combined machining tool is being 
developed, and the method of magnetic abrasive finishing combined with electrolysis was 
tested. As a result, the method has shown finishing possibility with improvement in high 
finishing quality and effectiveness. The details of the research are reported. Clean pipes 
and gas bombs are widely used in the energy, semiconductor, pharmaceutical or chemicals 
industries. The conventional method of surface processing of this equipment using the 
mechanical method only has restrictions where a long arm is needed for longer pipes. 
Where else, this is possible for magnetic abrasive finishing. Another merit includes shorter 
processing time, and it is highly efficient has made it popular recently. The authors have 
proposed a stronger magnetic force using the magnetic jig for processing of thicker pipes. 
 In this research, with the objective of the application in manufacturing and upgrade the 
finishing surface and finishing time, we proposed the new magnetic abrasive finishing for 
internal pipe combined with electrolysis. The mechanism works by dissolving the metal 
surface by electrolysis process and developed the oxidation layer. The removal of the 
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oxidation layer mechanically by the method of magnetic abrasive finishing reveals the 
smooth surface underneath. In this research, two the process is combined and conducted to 
aim at further increased efficiency. For this purpose, a new experimental setup and tools 
are developed, and this method was tested. 
 
4.2 PROCESSING PRINCIPLE 
Fig. 4.1 Diagram of finishing principle 
  
 Figure 4.1 is showing schematic of processing principle of internal pipe finishing of 
magnetic abrasive finishing combined with electrolysis. The tool that is used in the 
research consists of the magnetic machining jig and anode for electrolysis, so it is named 
Anode 
Magnetic pole 
Magnets  
Yoke 
Magnetic 
pole 
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combination machining tool. As shown in figure 4.1, when the magnetic pole unit is 
rotated, the combination machining tool will be pulled by the magnetic force and 
synchronically follow the rotation. The tool is wrapped in a polyester cloth and wetted 
with electrolyte. As the current is flowed in the circuit, the electrolysis process takes place, 
and the metal surface dissolved from the nearest with the anode. As the result, an oxidation 
layer is formed on the surface. 
 In order to get a strong magnetic force (machining force), the magnet pole in the 
combination machining tool and external magnetic unit were positioned so that it created 
the closed magnetic circuit. It is located in consideration to its N, S poles sequence. 
Combination machining tool moves synchronized with external magnet unit and moves 
relatively with the internal pipe surface. By providing machining effects on the tool, a 
slurry mixture which consist of abrasives was magnetically adhered to the magnet side of 
the combination machining tool. With this, the tool polishes the internal pipe surface. 
Additionally, vibration movement is added to the pipe at its length direction to stimulate 
machining effects and remove the oxidation layer effectively. 
 The photograph of the experimental setup can be confirmed in Figure 4.3. 
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Fig. 4.2 Section cut of finishing machine model 
 
4.3 EXPERIMENTAL METHOD AND CONDITIONS 
 
Table 4.1 Experimental conditions for electrolysis finishing 
Electrode gap 1 mm 
Electrolyte NaNO3 10% Aqueous 
Electrolyte flow 30 mL/min 
Current 0.0025 A/mm
2
 
Machining tool rotation speed 50 rpm 
Finishing time 3,4,5 min 
 
Workpiece (cathode) Machining 
tool 
Yoke 
External magnetic poles Anode 
CHAPTER 4: DEVELOPMENT OF ELECTROLYSIS PROCESS COMBINED MAGNETIC ABRASIVE 
FINISHING (TWO STAGE METHOD) 
58 
 
Table 4.2 Experimental conditions for magnetic abrasive finishing 
Workpiece A6063 Aluminum pipe (Ø40xØ36x150 mm) 
Magnet size Ne-Fe-B rare earth permanent 10x12x18 mm 
Magnetic abrasive mixture Iron particle 4.0g (mean diameter 149 μm); 
WA #10000 0.5g (mean diameter 0.5-0.7 μm); 
Water soluble polishing liquid 3.0 mL 
Finishing time 5 min 
Pole-pipe gap 13 mm 
Workpiece rotation speed 200 rpm 
Poles rotation speed 50 rpm 
Vibration 5 mm/s 
 
 Figure 4.2 is showing the section cut of the experimental setup model. The workpiece 
is fixed to the chuck. By using the crank mechanism, the workpiece is stroked at speed 5 
mm/s in its length direction with 10 mm distance. The combination tool is wrapped with a 
Polyester cloth. The external magnetic unit is connected to the pulley which connected to a 
motor with a belt. The pulley motor is rotated at 50 rpm.The polyester cloth is wetted with 
electrolyte and wrapped to the combination machining tool. When the 1.0 A current 
switched on, the electrolysis process began. Magnetic abrasive finishing combined with 
electrolysis was conducted for 8, 9 and 10 minutes The other details finishing conditions 
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for electrolysis finishing is shown in Table 4.1. 
 Table 4.2 shows, the condition for magnetic abrasive finishing combined with 
electrolysis process conditions. The oxidation layer is created at the surface by the process 
of electrolysis and magnetic abrasive finishing at the same time for two minutes was 
conducted. After the electrolysis, the process was stopped by disconnecting the power 
supply. The finishing process continues for the remaining processing time for magnetic 
abrasive finishing only to completely removing the oxidation layer. 
 For the magnetic abrasive finishing, the iron powder diameter 149 μm and white 
alumina #10000 was used. The external magnet poles unit was rotated at 50 rpm and 
workpiece was rotated at 200 rpm. The workpiece was ultrasonically washed with ethanol, 
measured weight, and measured surface roughness before and after processing. In the final 
evaluation, the workpiece is cut and observed its surface using Scanning Electron 
Microscope (SEM) to study the surface morphology changes. 
Fig. 4.3 Photograph of experimental setup 
Motor 3 Workpiece Electrolyte Spindle 
Pump DC power Motor 2 Motor 1 
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4.4 RESULT 
(a) Before finishing 
(b) 5min Electrolysis+5min MAF 
(c) 5min Electrolysis +4min MAF 
0.198 μm Ra 
0.040 μm Ra 
0.047 μm Ra 
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(d) 5min Electrolysis +3min MAF 
(e) 4min Electrolysis +5min MAF 
(f) 3min Electrolysis +5min MAF 
0.043 μm Ra 
0.058 μm Ra 
0.035 μm Ra 
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(g) 2mins Electrolysis +5mins MAF 
(h) 2mins Electrolysis +6mins MAF 
Fig. 4.4 Surface photograph before and after finishing observed under SEM. 
 
 In the first process which is the electrolysis process, the uneven surface undergone a 
planarization that creates oxidation film on the finishing surface. Figure 4.4 shows the 
surface photograph under SEM photograph before and after finishing for different 
finishing time combination of electrolysis and MAF. From the observation through SEM, 
small holes or pit that resulted from gas released during the electrolysis process could be 
0.031 μm Ra 
0.028 μm Ra 
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seen. These small holes are what called pit, which is part of the oxidation film. The holes 
diameter is approximately 10-20 μm varies depend on the depth and intensity of 
electrolysis. As the removal of oxidation film progress, the size of the pit reduced and 
gradually diminished with the complete removal of oxidation film. This process creates 
mirror finishing on the surface. Figure 4.4 (b) ~ 4.4 (d) shows that pit are still existing with 
equal processing time for electrolysis and MAF and even bigger size for shorter MAF time. 
This means more MAF time was needed to remove the oxidation film. In Figure 4.4 (e) ~ 
4.4 (g) we could observed that pit size gradually reduce in the reduction of electrolysis 
finishing time and finally in Figure 4.4 (h) the pit was completely unseen for the 
processing time combination. Comparison with MAF only process shows that the current 
method reached a similar level of average surface roughness 0.028 μm Ra with 8 minutes 
finishing time, compared to the conventional method that required over 30 minutes. 
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4.5 CONCLUSIONS 
The conclusions can be summaries as below; 
 
(1) The new method for magnetic abrasive finishing combined with electricity is proposed, 
and the two processes conducted at the same time. 
 
(2) After 2 minutes of magnetic abrasive finishing with electrolysis was conducted; 6 
minutes of magnetic abrasive was conducted improving the surface from 0.195μm Ra to 
0.028μm Ra 
 
(3) From the process we, we can make assumption that the finishing time reduction was 
caused by the swift formation of oxidation film that changes the morphology of the initial 
surface in short time. The oxidation film was then removed by conventional magnetic 
abrasive finishing method using the magnetic machining jig in a short time due to the 
physical characteristics of the substance.  
 
(4) In addition, the removal process at the same time produces a high finish surface by 
magnetic abrasive finishing method. 
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CHAPTER 5: DEVELOPMENT OF ELECTROLYSIS COMBINED 
MAGNETIC ABRASIVE FINISHING (ONE STAGE METHOD) 
 
5.1 INTRODUCTION 
 The research proposes a combined internal surface magnetic abrasive finishing process, 
which compounded with electrolysis machining to decrease machining time. The 
electrolysis process dissolves aluminum pipe internal surface, producing a film of 
aluminum oxide
501)
. Then the film is mechanically removed by magnetic abrasive finishing, 
results in a highly smooth surface in a significantly reduced processing time when 
compared to the conventional method. In this research, a new experimental set up with a 
tool that capable of magnetic abrasive finishing and electrolysis finishing was designed 
and developed to study the feasibility of the method. The newly developed finishing 
method in this chapter demonstrated a simultaneous process of aluminum oxide film 
formation and removal by abrasive finishing that plays a significant role in preventing the 
deepening of pit holes during electrolysis machining and speed up the planarization. The 
method was developed step by step; firstly, magnetic abrasive finishing and electrolysis 
machining was conducted in two separate processes in the previous experiment. In this 
chapter, finishing condition was modified to facilitate one-stage finishing method. 
Investigations of the finishing surface focusing on the residue of aluminum oxide film 
were observed for certain finishing time to determine the removal of the film. Surface 
roughness and SEM photograph of the finishing surface was recorded and compared. 
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5.2 PROCESSING PRINCIPLE 
 Figure 5.1 shows the section cut of magnetic abrasive finishing with combined 
electrolysis finishing in 3D model and machining tool structure. The machining tool has 
two functions; the magnetic abrasive finishing and the electrolysis finishing. Hence, we 
called it combination machining tool. The tool`s N-S poles, external magnetic poles and 
magnetic yoke are positioned inside the pipe with the N-S-N-S sequence to create a closed 
magnetic circuit as shown in Figure 4.1. This construction creates a strong magnetic force, 
which translates as a machining force towards pipe internal surface direction. When the 
external magnetic poles are rotated, the combination machining tool synchronically rotates 
with the poles while pushing the internal surface, being pulled by the magnetic force. The 
strong magnetic force is essential for the finishing force, which works in the tangential 
direction to the pipe surface. At the same time, the workpiece is rotated by the opposite 
rotation of the external poles direction. In addition, stroke movement is applied by a crank 
mechanism that connected to the chuck that moves the workpiece back and forth at 
workpiece length direction. 
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Fig. 5.1 Photograph of experimental setup 
 The electrolysis takes place in the presence of an electrolyte and current supply 
between workpiece and combination machining tool, which develops aluminum oxide on 
the workpiece internal surface. The electrolysis equation for both anode (workpiece) and 
cathode (tool) are shown as the following:
502~503)
. 
 
Anode:  2OH
-
 → H2O + 1/2O2 + 2e
-
                                      (5.1) 
Cathode:  H
+
 + e
-
 → 1/2H2                                             (5.2) 
 
 From the equation, we understand that the oxygen was released at the anode. This 
oxygen reacts with aluminum to form an aluminum oxide film. At the same time of the 
electrolysis, MAF takes place to remove the aluminum oxide film. The slurry consists of 
iron powder, white alumina and polishing agent, become magnetized on the magnet side of 
the combination machining tool to form magnetic particles. The machining effects caused 
Combination machining tool Nozzle 
 
External magnetic poles 
 
Workpiece 
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by white alumina abrasives that move with magnetic particles finishes the internal pipe 
surface through this process. The formation of oxidation film and removal is on-going at 
the same time. Once the electrolysis process is stopped, the continuity of MAF is designed 
to remove the remaining oxidation film until it is completely resurfaced. The porous and 
soft structure of the oxidation film accelerates the process when compared to conventional 
MAF process. 
 On the contrary, electrolyte flow from the nozzle drains away the alumina powder and 
causes a loss of efficiency to MAF. Furthermore, the existence of electrolyte solution in 
aqueous form could change the viscosity that are predicted to reduce the efficiency of 
MAF when combined with electrolysis. 
 
5.3 EXPERIMENTAL METHOD AND CONDITIONS 
 The experimental setup is similar with the previous chapter. Figure 4.3 shows the 
photograph of the experimental setup. The workpiece is fixed to the chuck and the other 
end to a supporter. Rotation is applied to the workpiece by turning the chuck that is 
connected with a spindle and pulley system to motor 1. Another rotation of opposite 
direction is applied to the external magnetic poles by motor 2. The stroke movement at the 
workpiece length direction is applied by using a crank mechanism controlled by motor 3. 
The combination machining tool is wrapped in a polyester cloth to prevent scratches to the 
workpiece. The tool is magnetically adhered with the slurry and positioned in the pipe 
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accordingly. In this experiment, electrolyte sodium nitrate is not pumped from the tank but, 
it is used in a small amount mixed with magnetic slurry on the tool. The electrolysis starts 
when the current is supplied to the anode (workpiece) and cathode (tool) by a direct 
current power supply. The workpiece is ultrasonically washed before and after the process 
with ethanol, air-dried and measured its weight. Surface contact-type surface roughness 
was used to measure the average roughness at three places distanced 120 degrees each. 
 
5.3.1 Magnetic abrasive finishing (MAF) 
 Conventional MAF process was conducted for comparison using the same tool. Table 
5.1 shows the detailed experimental conditions with finishing time 5, 10, 15, 20, 25, 30, 35 
and 40 minutes. The same combination machining tool was used because we concerned 
about the tool weight that may affect the result. For this experiment, no direct current 
power supply or electrolyte was used as it only involves MAF. The conditions were similar 
to previous research conducted for aluminum pipe finishing using MAF. The use of bigger 
size iron particles such as 330 μm causes scratches on the finishing surface. Therefore, the 
size 149 μm was used . 
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Table 5.1 Conventional MAF finishing conditions 
 
Table 5.2 Electrolysis machining conditions 
Electrode-pipe gap 1 mm 
Electrolyte NaNO3 20% aqueous 
Electrolyte amount 30 ml/min 
Current density 0.0025 A/mm
2
 
Poles rotation speed 50 rpm 
Workpiece Aluminum pipe A6063 (Ø40xØ36x150 mm) 
Machining tool Ne-Fe-B rare earth permanent 10x12x18 mm 
  
Magnetic abrasive mixture Iron particle 4.0 g (mean diameter 149 μm);  
WA #10000 0.5 g; 
Water soluble polishing liquid 2.5 ml 
Finishing time 5,10,15,20,25,30,35,40 min 
Pole-pipe gap 8 mm 
Workpiece rotation speed 200 rpm 
Poles rotation speed 50 rpm 
Stroke 5 mm/s 
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5.3.2 One-stage finishing 
 For single finishing method, the process was conducted in one step simultaneously for 
electrolysis and MAF. Thus, additional to the speedy removal of porous oxidation film, it 
further cuts processing time. In this method, the combination machining tool was wetted 
with the 2.0 ml of electrolyte onto the polyester cloth that wrapped it. Then, the slurry 
magnetically adhered on the magnet side of the tool and positioned in the pipe accordingly. 
The slurry composition is same for MAF as shown in Table 5.1. Finishing processes were 
conducted for 8, 9, 10, 11 and 12 minutes of which during that period, the first two 
minutes were allocated for electrolysis and MAF simultaneously. Electrolysis conditions 
as in Table 5.2. After two minutes, the current supply was shut off to stop the electrolysis. 
The left finishing time was designed for MAF for the purpose of resurfacing the aluminum 
oxide film completely. Similarly, the workpiece is ultrasonically washed, air-dried and 
measure roughness and weight. 
 
5.4 RESULT 
 Aluminum A6063 is a type of aluminum that is softer compared to SUS304. It has 
Vickers hardness of 83 Hv compared to the SUS304, which have 200 Hv. The aluminum 
pipe is produced by an extrusion process that results in hairlines formation on its internal 
and external surfaces. This internal surface has an initial average roughness that varies 
ranges from 0.2 to 0.7 μm Ra.  
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5.4.1 THE CONVENTIONAL MAF 
 Figure 5.2 shows the change of surface roughness and material removal against 
finishing time. The material removal shows constant removal pattern due to the usage of 
iron particle 149 μm all through the process for comparison purpose. The surface was 
gradually leveled and finally it took 30 minutes to achieve surface roughness around 0.030 
μm Ra level. A further finishing shows no change in surface roughness. Figure 5.3 (a) 
shows SEM photograph of the surface before finishing. The initial hairline was seen 
clearly before the process. Figure 5.3 (b) shows the photograph after processing; the 
hairlines were removed, and surface roughness measured 0.028 μm Ra. We used the same 
tool for conventional MAF in order to make a comparison of the two process by the same 
tool. Next, the experiment was conducted for the one stage finishing method. 
Fig. 5.2 The change of surface roughness and material removal weight against the 
finishing time. 
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(a) Before finishing 
(b) After finishing 40 minutes 
Fig. 5.3 Surface photograph before and after finishing observed under Scanning Electron 
Microscope (SEM) before and after finishing. 
 
5.4.2 ONE STAGE FINISHING METHOD 
 In the one-stage finishing method, the two finishing process were conducted 
simultaneously in order to reduce the total finishing time. Oxidation film is formed and at 
the same time being removed for the first two minutes of processing time. However, 
0.469 μm Ra 
0.028 μm Ra 
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oxidation film is produced at a faster pace than removal by MAF. As a result, at the point 
the electrolysis process ends, an extra processing time of MAF is needed for complete 
removal the existing oxidation film. This is confirmed in Figure 4.4 (b) and 4.4 (h). 
 Figure 5.4 shows the finishing surface photograph of one-stage finishing observed 
under SEM for different finishing time combination. In all finishing conditions, the 
photographed result had showed that the initial hairlines have become invisible. This swift 
process of resurfacing was due to oxidation film formation being constantly created by 
electrolysis and removed by MAF during the initial two minutes processing time. After the 
two minutes finishing, the MAF was continued for high progress removal and high surface 
finishing. Surface improves to 0.030 μm Ra as MAF process reached 10 minutes.  
 The advantage of the one-stage process is that simultaneous oxidization of aluminum 
and removal of oxidation film speed up the planarization process thus shortened the 
processing time. However, since the simultaneous processing of electrolysis and MAF that 
have a different environment, both processes requires some compromises in processing 
conditions that disadvantages each other such as slurry electrolyte electroconductivity and 
viscosity change by an aqueous electrolyte.  
 In the two processes, it took a total of 8 minutes. We predicted it would take 6 minutes 
for the two processes combined based on performance in the previous experiment. 
However, the experimental result revealed that it took 11 minutes to achieve similar 
surface roughness. The main issue in combining the two processes was the machining 
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environment that affected MAF due to the existence of electrolyte in the slurry, which 
changes the viscosity. Electrolyte mixed with slurry also may affect the electrolysis 
characteristic performance of the electrolysis reactions. 
 
(a) After finishing (2 min EMAF+6 min MAF) 
(b) After finishing (2 min EMAF+7 min MAF) 
0.055 μm Ra 
0.047 μm Ra 
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(c) After finishing (2 min EMAF+8 min MAF) 
(d) After finishing (2 min EMAF+9 min MAF) 
Fig. 5.4 Surface photograph after finishing observed under SEM with different finishing 
time for one-stage finishing. 
  
0.035 μm Ra 
0.028 μm Ra 
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 a) Oxygen composition before finishing 
 (b) Oxygen composition after electrolysis machining 
(c) Oxygen composition after magnetic abrasive finishing  
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Fig. 5.5 Measurement of carbon, oxygen and aluminum composition on the surface using 
X-ray photoelectron spectroscopy (XPS) before and after finishing for two-stage finishing 
method 
 
5.4.3 INVESTIGATION OF FINISHING SURFACE ELEMENTS 
 The surface composition was analyzed for the two finishing method to investigate the 
change of element composition. Figure 5.5 shows the compositions of carbon, oxygen and 
aluminum on the finishing surface measured using X-ray photoelectron spectroscopy 
(XPS) approximately up to 10 nanomicrometers depths before and after each finishing 
process. After the electrolysis finishing stage, it was detected that the oxygen percentage 
has increased, and the aluminum percentage reduced significantly as shown in Figure 5.5 
(a) and 5.5 (b). The increase in figures for these elements complies with the oxygen was 
released at the anode (workpiece) and the aluminum oxide was formed compared to before 
process condition. In Figure 5.5 (c) after the removal of oxidation film by magnetic 
abrasive finishing, the aluminum percentage has increased again same as before the 
process. This investigation may suggested the removal of oxidation film, which also 
supported by the photograph shown in Figure 4.4 (a) and 4.4 (h). 
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5.5 MECHANISM AND FINISHING CHARACTERISTICS 
 This research studies the mechanism of finishing characteristics for the EMAF of pipe 
internal finishing. The electrolysis process produces aluminum oxide film that accelerates 
the removal of initial hairline morphology in aluminum pipe internal surface. This process 
significantly reduced the surface roughness in a short time. This research studies the 
mechanism of the finishing method particularly, in term of how the initial surface 
morphology are affected by finishing conditions that contributed mechanically such as 
pole-pipe gap, iron particle size combinations and processing time combinations. The 
surface roughness was measured, and the photographs of finishing surface were recorded 
to study the morphology behavior. The investigation has suggested that iron particle size 
330 μm caused scratches on the finishing surface that contributed to high surface 
roughness that size 149 μm does not. The varying gap has demonstrated minimum gap 6 
mm that allows the finishing with minimal scratches. Furthermore, an extended finishing 
time of single step EMAF which causing residual of oxidation film to accumulate on the 
surface had demonstrated an increasing surface roughness. The phenomenon would 
suggest that the film residual may be contributing to higher surface roughness. 
 As the world demand for energy is growing due to world population increase, the 
demand for clean pipes or sanitary pipes in various fields has been surging in the recent 
years. In the energy fields, these pipes are being used in many applications. They have to 
be engineered to a high finishing surface, according to the required specifications. Their 
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applications in heat pumps, gas bombs, tanks are countless. In food and beverage 
industries, sanitary pipes and tanks surface have to be clean enough to prevent microbial 
growth. In chemical, cosmetic, pharmacy and semiconductor the increasing demand for 
these pipes, not only in quantity but also in term of surface quality. Nowadays, these pipes 
are required to be surface finished up to maximum roughness less than 0.01 μm. These 
facts showed that the requirements for improvement of surface finishing quality for these 
pipes are continuously increasing. Thus, researches in production manufacturing 
technology for the field are in the demanding trend. 
 In the previous research, the magnetic abrasive finishing (MAF) with combined 
electrolysis for internal pipe surface was proposed to produce highly finished pipes 
internal surface efficiently and environmentally friendly. This method also called 
electrolytic magnetic abrasive finishing (EMAF). The theory of the finishing process was 
explained in Chapter one. Electrolysis machining speeds up the resurfacing process by 
producing porous oxidation film that is soft shown in Figure 1.3. Therefore, it is easily 
removed by electrolytic magnetic abrasive finishing in a short time due to the porous film. 
A further magnetic abrasive finishing is required in order to finish the surface to a high 
finishing surface. Previously conducted research has confirmed this finishing method 
feasibility and its capability in reducing finishing time for internal pipe finishing compared 
to conventional MAF. The concept of planarization by electrolysis was explained by 
Kawamura. Several researches were reviewed regarding characteristics investigations for 
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electrolysis that focusing on chemical aspects. The material removal mass by electrolysis 
is given by the equation below: 
 
                                W =
mIt
𝑛𝐹
                                                         (5.2) 
 
W is dissolved weight, m is the atomic weight, I is the current, n is the number of 
equivalents exchanged, F is the Faraday’s constant and t is the processing time. 
 The current research scope views from a mechanical perspective aimed to investigate 
the effects of combinations of iron particles and white alumina sizes, pole-pipe gap and 
finishing time combinations in regards of EMAF. The right selection of a combination of 
abrasives is important for removal of oxidation film, which will define on the surface 
finishing characteristics and its mechanism. In the pipe structure, the iron particle is 
positioned in the magnetic field, receiving force from the magnetic field as in the given 
equation: 
 
                           F = 𝜇𝑜𝜒𝑉𝐻𝑘{∇𝐻𝑎}                          (5.3) 
 
F is force, Hk is the maximum magnetic field, ∇Ha is the magnetic field intensity, μ0 is 
the permeability of space, χ is the material magnetic susceptibility and V is the volume of 
the particle (assuming a sphere). The magnetic field shows significant relations with the 
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gap of magnet pole and pipe. In the experiment, adjustment of pole-pipe gap translates into 
the needed machining force for shortest time oxidation film removal and to be gentle 
enough that it should not cause scratches on the aluminum surface. Mechanism of the 
removal of the porous aluminum film on the surface was studied by measuring the 
machining torque and compared with the conventional method. Finally, the removal 
weight and surface roughness changes were observed to understand the surface 
morphology improvement mechanism. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.6 Combination machining time for two stage (left) and one stage (right) process. 
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5.6 PROCESSING PRINCIPLE 
 Figure 4.3 shows the schematic of processing principle of magnetic abrasive finishing 
(MAF) combined with electrolysis machining electrolysis. The machining tool has two 
functions; magnetic abrasive finishing and electrolysis machining. Hence, we called it the 
combination machining tool. The figure also shows the tool structure build in details. The 
tool`s N-S poles, external magnetic poles and magnetic yoke are positioned inside the pipe 
with the N-S-N-S sequence to create a closed magnetic circuit as shown in the figure. This 
construction creates a strong magnetic force (machining force) to the tool so that it pushed 
towards the workpiece inner wall a few times stronger compared if without the circuit 
construction. Then, we rotated the external magnetic poles so that the combination 
machining tool will synchronically rotate with the poles while pushing the internal wall 
because the magnetic force pulls it. The strong magnetic force is essential for the finishing 
force, which works in the tangential direction to the pipe surface. In addition to the 
external poles movement, the workpiece is rotated at the opposite rotation of the external 
poles direction. Additionally, stroke is applied by the crank mechanism that connected to 
the chuck, which moves the chuck and workpiece back and forth at workpiece length 
direction. These three axes simultaneous movements create relative movement between 
the tool and workpiece so that the finishing process could take place effectively. The 
electrolysis takes place in the presence of the electrolyte and current supply between 
workpiece and combination machining tool. Firstly, the oxygen gas released at the anode 
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(workpiece) reacts with aluminum ions on the surface to form aluminum oxide film that 
accumulates on internal pipe surface. The oxygen gas released, and film accumulation 
creates the pit on the oxidation film construction. This process is called a 
reduction-oxidation electrolysis process. 
 Simultaneously, the MAF functions to remove the aluminum oxide films mechanically 
from pipe inner surface. The slurry mixture consists of iron powder, white alumina and 
polishing agent become magnetized on the magnet side of the combination machining tool 
to form magnetized particles. The machining effects caused by white alumina that moves 
with magnetic particles polishes the internal pipe surface through this process. The 
formation of oxidation film and removal is ongoing at the same time. The finishing pattern 
includes EMAF in the first 2 minutes followed by MAF, designed to remove the remaining 
oxidation film until it is completely resurfaced. The porous structure easily removed by 
MAF that formed on oxidation film from the electrolysis, reducing processing time when 
compared to conventional MAF process. 
 
5.7 EXPERIMENTAL METHOD AND CONDITIONS 
 The experimental setup is same as the previous experiment as shown in Figure 4.3. The 
workpiece is fixed to the chuck and the other end to a supporter. Rotation is applied to the 
workpiece by turning the chuck, which is connected with a spindle and pulley system to 
motor 1. Another rotation of opposite direction is applied to the external magnetic poles by 
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motor 2. The stroke movement at the workpiece length direction is applied by using a 
crank mechanism controlled by motor 3. The combination machining tool is wrapped in a 
polyester cloth to prevent scratches to the workpiece. The tool is magnetically adhered 
with the slurry and positioned in the pipe accordingly. Electrolyte Sodium nitrate is wetted 
to the polyester cloth at the combination machining tool so that the tool-pipe gap fills with 
it. Electrolysis starts when the current is supplied to the anode (pipe) and cathode (tool) by 
a direct current power supply. The details of finishing condition are shown in Table 5.3. 
Combination finishing time comparison is shown in Figure 5.8. After the process, the 
workpiece is ultrasonically washed with ethanol, air-dried and measured its weight. 
Surface contact-type surface roughness was used to measure average roughness at three 
places distanced 120 degrees each. In this research, certain factors are reviewed to 
investigate the finishing characteristics and mechanism as follows: 
 
5.7.1 IRON POWDER AND WHITE ALUMINA ABRASIVE COMBINATION 
 Iron powders directly receive the magnetic force, which is translated as machining 
force. Additionally, this machining force also added by the magnetic force received from 
the combination machining tool and external pole. WA abrasive size would be defined as 
the cutter size for the surface finishing. Iron particle size and abrasive size combination is 
important to determine the mechanism for finishing process
504)
. 
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Table 5.3 Experimental conditions 
Workpiece A6063 aluminum pipe (Ø40xØ36x150 mm) 
Machining tool Ne-Fe-B rare earth permanent 10x12x18 mm  
 
Magnetic abrasive mixture Iron powder 4.0 g (mean diameter 149 μm);  
WA #10000 0.5 g; 
Water soluble polishing liquid 2.0 mL 
Finishing time EMAF (2 min) + MAF (8 min) 
Pole-pipe gap 4, 5, 6, 7, 8, 9 mm 
Workpiece rotation speed 200 rpm 
Poles rotation speed 50 rpm 
Stroke 5 mm/s 
Electrode-pipe gap 1 mm 
Electrolyte NaNO3 20% aqueous 
Electrolyte amount 2.0 mL 
Current Density 0.0025 A/mm
2
 
Poles rotation speed 50 rpm 
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5.7.2 EXTERNAL MAGNET-PIPE GAP 
 Previous researches had studied pole-pipe gap for the MAF process. This research 
studies the pole-pipe gap in the aspect of removing the porous aluminum oxide film, which 
have different properties than the previous. The soft aluminum surface may be affected by 
too strong machining force. 
 
5.7.3 COMBINATION OF PROCESSING TIME FOR EMAF AND MAF 
 How combination processing time could change the surface morphology is an 
important factor in the research. The findings are critical for the application of the research 
to decide certain combination time that may be suitable for changing conditions such as 
initial surface roughness or projected final surface morphology. 
 
5.7.4 TORQUE MEASUREMENT 
 Figure 5.7 shows the torque measurement setup. Torque or finishing resistance of the 
tool is predicted to be unique in removing porous material such as oxidation film and the 
metal that have more ductile properties. Torque for internal pipe machining was conducted 
for the pipe using pole rotation system in the research by Yamaguchi
505)
. 
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Fig. 5.7 The experimental setup for measurement of machining torque 
 
5.7.5 SURFACE ROUGHNESS AND MATERIAL REMOVAL PATTERN 
 The two finishing processes combined would demonstrate a different removal amount 
and surface roughness graph change compared to the conventional MAF method. 
 
5.7.6 EMAF MECHANISM INVESTIGATION 
 To understand more about EMAF process, we had conducted a single step EMAF at an 
extended time to investigate how the surface changes morphology by the single method. It 
is predicted that the oxidation film residue will accumulate and affects the roughness. 
 
Torque sensor 
Motor Coupling Coupling 
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5.8 RESULT 
5.8.1 IRON POWDER AND ABRASIVE COMBINATION 
 
Fig. 5.8 Graph of removal weight against finishing time for the combination of iron 
powder and WA abrasives size. (1: Iron powder 330 μm + white alumina #6000, 2: Iron 
powder 330 μm + white alumina #8000, 3: Iron powder 330 μm + white alumina #10000, 
4: Iron powder 149 μm + white alumina #6000, 5: Iron powder 149 μm + white alumina 
#8000, 6: Iron powder 149 μm + white alumina #10000) 
  
 Figure 5.8 shows a graph of material removal during the finishing time for different 
iron powder and WA abrasive sizes. The bigger size than 330 μm would cause scratches to 
the surface. On the other hand, the smaller size than 149 μm lacks machining force. The 
result is shown for condition 1, 2 and three that used size 330 μm iron powders had 
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demonstrated significant removal amount in the initial stage. High removal amount is 
desirable in the removal of the aluminum film in short time. The iron powder size 149 in 
conditions 4, 5 and 6 demonstrated a low removal amount. 
 
Fig. 5.9 Graph of surface roughness against finishing time for the combination of iron 
powder and WA abrasives size. (1: Iron powder 330 μm + white alumina #6000, 2: Iron 
powder 330 μm + white alumina #8000, 3: Iron powder 330 μm + white alumina #10000, 
4: Iron powder 149 μm + white alumina #6000, 5: Iron powder 149 μm + white alumina 
#8000, 6: Iron powder 149 μm + white alumina #10000) 
  
 Figure 5.9 shows a graph of surface roughness measured during the finishing time for 
different iron powder and WA abrasive size. In general, the surface roughness changes 
demonstrated high surface roughness reduction during the first 2 minutes of finishing for 
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combination iron powder size 149 μm with WA 6000, 8000 and 10000. This data comply 
with EMAF process for that period. Surface roughness measured shown significantly 
better result for iron powder size 149 μm due to less scratch caused on the surface. 
Theoretically, abrasive WA 10000 would achieve the best result but there has not been 
showing strong evidence for a difference in surface roughness among abrasive sizes 6000, 
(a) Gap 4 mm 
(b) Gap 5 mm 
0.5mm 
ng 
0.123 μm Ra 
0.5mm
g 
0.129 μm Ra 
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(c) Gap 6 mm 
(d) Gap 7 mm 
(e) Gap 8 mm 
0.5mm 
μm Ra 
0.096 μm Ra 
 
0.5mm 
0.133 μm Ra 
0.088 μm Ra 
 
0.5mm 
μm Ra 
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(f) Gap 9 mm 
Fig. 5.10 Photograph of finishing surface for different magnet pole-pipe gap 
 
8000 and 10000 in the results. It is more likely that the size of iron powder that may affect 
the surface roughness more than the diameter of abrasives that measured as 2, 1.2 and 0.5 
μm respectively. This is because iron powder directly received magnetic force that 
translate as machining force. Where else, abrasives moves together with iron powder in the 
slurry that result in machining the finishing surface. 
 
5.8.2 EXTERNAL POLES-PIPE GAP 
 Figure 5.10 is showing the photograph of finishing surface after the processing for 
different magnet pole-pipe gap. As observed in Figure 5.10 (a) gap 4 mm and 5.10 (b) gap 
5 mm, these range gaps results suggested too strong machining force for aluminum pipe 
based on the vertical scratch mark on the surface. On the contrary, in Figure 5.10 (d), (e) 
and (f) for gap 7, 8 and 9 mm, the horizontal lines were clearly seen which indicated that 
0.5mm 
0.118 μm Ra 
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the machining force or the machining time is insufficient. Figure 5.10 (c) shows the gap 6 
mm has demonstrated a significant reduction of fine horizontal lines and least vertical lines 
implicates that the adequate machining force has been applied for aluminum film removal. 
 Due to varying initial roughness, the bigger gap may also be suitable for smaller initial 
roughness surfaces, but not a smaller gap due to scratches caused. In this case, it would 
require more finishing time, either electrolysis or MAF combinations to remove the lines 
effectively. 
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(a) EMAF 2 min + MAF 8 min 
(b) EMAF 4 min + MAF 6 min 
(c) EMAF 6 min + MAF 4 min 
0.5mm 
0.257 μm Ra 
0.5mm 
 
0.115 μm Ra 
0.5mm 
0.051 μm Ra 
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(d) EMAF 8 min + MAF 2 min 
Fig. 5.11 Photograph of finishing surface for different finishing time combination. 
 
5.8.3 COMBINATION OF PROCESSING TIME FOR EMAF AND MAF 
 Figure 5.11 shows the photograph of the finishing surface for different finishing time 
combination for simultaneous finishing of electrolysis and MAF (EMAF) and MAF single 
finishing. It was observed that horizontal lines were completely removed for finishing time 
ratio 2:8 minutes. Hairlines were clearly seen for the condition in Figure 5.11 (b), (c) and 
(d) due to incomplete surface removal by MAF. In previous research, the SEM photograph 
of surface morphology for the 10 minutes of finishing time compared with MAF single 
process has proven significant results. The EMAF works fast to remove smaller hairlines 
structures, but the bigger hairlines required adequate MAF process in term of time and 
force.  
  
0.5mm 
 
0.127 μm Ra 
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5.8.4 TORQUE MEASUREMENT 
 Figure 5.12 shows the graph of machining torque during the machining process of 10 
minutes for conventional method MAF and newly developed EMAF for comparison 
purpose in regards of the removal of the oxide film. The measured torque value was 4.5 N. 
In the initial hypothesis stage, we had predicted to see some difference in torque force in 
regards of the removal of porous oxidation film removal. However, the experimental for 
torque measurement has shown that the value might be small that it could not be showing 
a significant difference when measured using Torque sensor. 
 Material removal depends on the surface properties of the material. In this case, the 
material properties were changed by the electrolysis when oxidation film formed on the 
surface. Certain factors such as film thickness and the slurry structure itself may cause 
undesirable results. 
Fig. 5.12 Changes of machining torque during the finishing process for (a) MAF and (b) 
EMAF 
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(b) EMAF 
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Fig. 5.13 SEM photograph of the finishing surface before and after EMAF 
 
5.8.5 SURFACE ROUGHNESS AND MATERIAL REMOVAL 
 Figure 5.13 shows the graph of material removal and surface roughness change during 
the finishing process. The surface roughness change has shown significant roughness 
reduced in the first 2 minutes of finishing process, which during that period, involves the 
EMAF that proactively reduce the roughness by formation of oxidation film and oxidation 
film removed by MAF. After 2 minutes, surface roughness changes gradually. The material 
removal pattern has shown higher removal rate in the first 4 minutes, gradually reduced 
after that. The removal depth hr can be calculated by the equation as follow: 
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                               hr＝m/πdlρ                            (5.3) 
 
where m is the mass, d is pipe diameter, l machining length and ρ is the material density.  
This calculation would be useful in determining how much removal weight would be 
adequate to finish a particular initial surface roughness a sample has. This calculation 
would also assist in the preliminary study regarding the needed machining amount based 
on initial surface roughness. 
 
5.8.6 EMAF MECHANISM 
 Figure 5.14 shows the SEM photograph of the finishing surface before and after EMAF 
for 5,10 and 20 minutes. We can observe that the planarization takes place swiftly in the 
early stage, but the surface morphology was unchanged after that. Pit structures were not 
observed in the 5 or 10 min time, but as the oxidation film accumulated, pit structures 
began to form on the surface for 20 min finishing time photo. In line with the theory, 
surface roughness that was measured gradually increasing after 5 minutes. The result 
suggested that the increasing of surface roughness could have occurred due to the 
accumulation of oxidation film residue with processing time. This would also suggest that 
electrolysis speed is higher than MAF for the experimental conditions. These observations 
would again stress a significant reason for an additional time for MAF only process in the 
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second half time for removal of the oxidation film. Neither MAF nor EMAF process alone 
is favorable in this study, but the combination of EMAF and MAF at a particular time ratio 
is critical in producing the high surface finishing. 
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(a) before 
 
(b) EMAF 5 min 
0.113 μm Ra 
0.562 μm Ra 
0.102 μm Ra 
 
(c) EMAF 10 min 
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5.9 DISCUSSIONS 
5.9.1 OXIDATION FILM REMOVAL 
 The initial research hypothesis was to speed up the planarization process by utilized the 
electrolysis that capable for mirror finishing surface in a short time according to 
electrolysis theory. However, the conditions for electrolysis for aluminum mirror finishing 
was difficult due to temperature control or use of acids that are not environmental friendly. 
This experiment has utilized the porous physical property of oxidation film to speed up the 
finishing process and obtained high surface finishing. Thus, it is important that the 
investigations were done on the mechanism of oxidation film removal by MAF. 
 
5.9.2 MAGNETIC FORCE ON IRON POWDER 
 The magnetic field has direct effects on the iron powder, which received machining 
Fig. 5.14 SEM photograph of the finishing surface before and after EMAF 
(d) EMAF 20 min 
0.158 μm Ra 
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force from the magnetic field and push force from the combination machining tool itself. 
This combination of forces would help us determine whether it would cause a big scratch 
on the finishing surface based on calculations and experimental comparisons. 
 
5.9.3 INITIAL ROUGHNESS 
 The result of this experiment was not favorable compared to the previous research that 
was conducted due to initial surface roughness that was higher compared to the previous 
pipe. This time initial surface roughness ranged from 0.4 to 0.7 μm Ra. In the future 
applications of the method, it is predicted that certain conditions such as current density or 
electrolyte type and concentricity could be adjusted depend on the varying initial 
roughness to achieve the desired result. The previous result achieved the best on the initial 
roughness of 0.2 μm Ra. However, it is not recommended to increase finishing time for 
electrolysis due to deepening of oxidation film, which means more finishing time required 
for MAF. For the current research, ratio electrolysis: MAF is 2:8 represents optimum value, 
which the test had been conducted. 
 
5.9.4 TOOL WRAPPING MATERIAL 
 In the new method, the application of polyester cloth was to prevent scratches to the 
soft physical properties of the aluminum material. In the previous method, the non-woven 
cloth was used. Polyester cloth functions as to hold the magnetic particles base when 
CHAPTER 5: DEVELOPMENT OF ELECTROLYSIS COMBINED MAGNETIC ABRASIVE FINISHING 
(ONE STAGE METHOD)) 
104 
 
adhered to the combination machining tool. Study about polishing pads and their finishing 
characteristics were referenced in some researches
506~507)
. 
 
5.9.5 COMPARISON OF TWO-STEP FINISHING AND ONE-STEP FINISHING 
 Both two stage and one stage finishing method has its unique finishing characteristics 
and merit itself. Since the finishing mechanism is different, it has resulted in different 
finishing surface quality, time consumed and pit removal morphology. In the application in 
industrial for other metals, it is compulsory to study details of the two methods to 
determine the required process. The comparison between the two process is shown in 
Table 5.4. 
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Table 5.4 Comparison of the two-stage method and one stage method for electrolysis 
combined magnetic abrasive finishing of the internal surface. 
Finishing method Two-stage method One stage method 
Mechanism A separate two method that 
involves electrolysis that forms 
oxidation film. The second 
process, MAF remove this film 
and promotes planarization. 
A simultaneous process that 
creates oxidation film by 
electrolysis and removal of film 
by MAF as the tool rotates. 
Hairline removal 
(0.500 μm Ra) 
Slower Faster 
Power consumption Lower Higher 
Preparation time Involves two preparation Involves one preparation 
Finishing time 
(0.030 μm Ra) 
8 minutes 11 minutes 
Application in 
production line 
Possible Possible 
Pit deepening More Less 
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5.10 CONCLUSIONS 
 The results can be summarized as follows. 
 
(1) The study revealed that the newly developed finishing method referred as magnetic 
abrasive finishing with combined electrolysis finishing for finishing of the aluminum pipe 
internal surface was successfully performed. 
 
(2) The finishing method for one-stage and two-stage finishing method on aluminum pipe 
raw material internal surface had shown finishing time reduction of 60-70% finishing time 
reduced compared with conventional method that took 30 minutes to achieve similar 
finishing surface. 
 
(3) The combination of finishing time of electrolysis and MAF is critical in producing the 
improved finishing of the aluminum pipe internal surface. The experiment data suggested 
that finishing time ratio for electrolysis and MAF is 2:9 to achieve mirror-finished surface. 
 
(4) The aluminum pipe internal finishing surface was studied during the two finishing 
process suggested that the elemental composition changes for aluminum and oxygen 
complies with oxidation film forming and removal stages. 
(5) The novelty of this paper in regards in of the proposal of the finishing method for 
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aluminum pipe internal surface that required a specially designed combination machining 
tool. The paper studied the surface from the view of the removal of the oxidation film and 
finishing time reduction was confirmed. 
 
(6) In order to remove the oxide film, smaller size iron particle size 149 μm contributed 
sufficient machining force and causes less scratch that would affect the surface roughness 
value. Iron particle combined with bigger size WA abrasive such as WA #6000 contributed 
to a faster-resurfacing process pattern. 
 
(7) The influence of pole-pipe gap has showed that a gap less than 6 mm causes big 
scratches to the surface. The gap more than 6 mm exhibits residues of horizontal lines that 
indicated insufficient machining. A stronger machining force on the aluminum surface 
causes scratches. 
 
(8) Torque pattern comparison for MAF and EMAF method were predicted to show some 
difference due to porous properties of the oxidation film. However, torque measurement 
during the finishing process shown similar torque pattern. The pattern may suggest that the 
porosity could not reflect from the torque measurement due to the flexible iron particle as 
an intermediary. 
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(9) The material removal pattern demonstrated more amounts removed during the initial 
stage of finishing time. The surface roughness is reduced to less than half in the first 2 
minutes finishing time significantly, implicates EMAF effects. 
 
(10) The experiments for the finishing time combination of the two processes result has 
revealed that EMAF actively promotes surface planarization focusing at the initial stage. 
However, further increased electrolysis finishing time does not promote planarization more 
efficient than MAF single process. In the final stage, adequate MAF process is required to 
remove the oxidation film for high finishing result.
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CHAPTER 6: CONCLUSIONS SUMMARY 
 
 The research studied about the finishing of internal pipe surface by the method of 
magnetic abrasive finishing process combined with electrolysis process. The purpose of 
the research are: 
 
(1) To reduce finishing time of magnetic abrasive finishing process, 
(2) To produce high surface finishing, 
(3) To use materials that are safe for the environment and human. 
 
 In the first chapter, explanations about the introduction of conventional magnetic 
abrasive finishing method for internal pipe surface, the magnetic abrasive finishing and 
recent researches and the applications in the industrial. Furthermore, a review of a recent 
study about MAF and industrial applications were introduced. These facts clearly 
emphasized the industrial needs for the current study. Finally, the definition of study and 
scope of the research and study flow was clarified, and thesis constructions were explained 
accordingly. 
 In chapter two, the proposal of the development of the new magnetic abrasive finishing 
process combined with electrolysis process was elaborated in detailed. The review of the 
existing design of MAF for internal pipe surface was explained and its difference with the 
newly proposed method were elaborated. The new method main objectives are to produce 
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a highly finished surface with a reduced processing time. This were done by using 
electrolysis process to produce oxidation film and removal of the film by the MAF in a 
short time. The design specification requirements were studied and identified. A selection 
of electrolyte based on the electrolysis series was explained, and the material removal 
amount and other related factors were considered. The most important criteria for the 
electrolyte is that it must be environmentally and human-friendly. 
 In chapter three, the feasibility study of the finishing of internal pipe surface using the 
conventional method was conducted for aluminum A6063 material that has softer physical 
properties than stainless steels. For the purpose, a new tool that capable of two processes; 
magnetic abrasive finishing and electrolysis were designed and developed. For comparison 
purpose, using the same tool, the finishing process without electrolysis was conducted. 
The result has demonstrated aluminum pipe finished to 0.028 μm Ra had required 30 
minutes finishing time to achieve. 
 In chapter four, the finishing of aluminum pipe internal surface for two separate 
processes was conducted. In the first process, the electrolysis was conducted to produce 
oxidation layer was on the surface. The oxidation layer is aluminum oxide, which is 
porous, easily removed by a mechanical process. The pit construction is observed as part 
of this film construction. In the second process, the MAF was conducted to remove the 
oxidation layer altogether with the pit in short finishing time. The mechanism of the 
process was explained, and finishing conditions were optimized. By this method, the result 
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have shown significantly reduced finishing time, 8 minutes to produce 0.028 μm Ra 
surface roughness. 
 As the improvement measures, the two separated finishing process, electrolysis process, 
and MAF was combined and conducted simultaneously. In the two separated process, the 
electrolysis was conducted in a circulated electrolyte environment. However, for the 
combined process, this would be difficult due to abrasive will be flowed away by the 
electrolyte circulation. Instead of circulation the electrolyte, a small amount of electrolyte 
was added to the slurry mixture to allow for electrolysis. By this method, the simultaneous 
process of electrolysis and MAF has succeeded. The finishing characteristics on the 
surface were observed and studied. From the previous experiment conducted earlier, after 
2 minutes of electrolysis, it required a separated 6 minutes of MAF to remove the 
oxidation film and pit to produce high surface finishing. Based on this condition, the 
similar finishing time was conducted. The final result has shown that, after 2 minutes of 
simultaneous MAF with electrolysis and a further 9 minutes of MAF process, a total of 11 
minutes of finishing time was needed to produce surface finishing roughness 0.029 μm Ra. 
This result is a merely 1/3 of the finishing time required by the conventional MAF. This 
final result proved the method high efficiency finishing. 
 Finally, to further understand the finishing mechanism, several conditions were 
performed. The study of abrasives size and iron particle size combinations has shown that 
size 149 μm shows a better surface roughness than iron powder diameter 330 μm used. 
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The latter caused scratches on the finishing surface that affects the measurement. The 
magnetic pole-pipe gap demonstrated that gap 6 mm resulted in the best surface roughness. 
The gap more than 6 mm translated for less force that reflected on the surface with 
unfinished hairlines. The prolonged of the finishing time of EMAF revealed that the 
process alone does contribute to planarization of finishing surface. However, oxidation 
film accumulation has resulted in the deepening of pits with adverse results. This result 
further emphasized that the finishing time ratio 2:9 in the previous chapter is essential in 
generating finishing surface up to 0.030 μm Ra. 
 In chapter six, the conclusions were summed up. In the future, a method to apply the 
similar machining mechanism in other material such as steels, titanium, stainless steel and 
copper could be applied. Notably, the application in stainless steel can expand the 
application in the industrial. Methods to develop sixivalent chrome free was studied by 
Deguchi
508)
. 
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